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The low energy scale linear seesaw mechanism responsible for the generation of the tiny active
neutrino masses, is implemented in the economical 3-3-1 model, where the gauge symmetry is sup-
plemented by the A4 flavor discrete group and other auxiliary cyclic symmetries, whose spontaneous
breaking produces the observed pattern of SM charged fermion masses and fermionic mixing param-
eters. Our model is consistent with the low energy SM fermion flavor data. Some phenomenological
aspects such as the Z′ production at proton-proton collider and the lepton flavor violating decay of
the SM-like Higgs boson are discussed. The scalar potential of the model is analyzed in detail and
the SM-like Higgs boson is identified.
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I. INTRODUCTION
It is well-known, that there are various experimental and theoretical observations indicating that the Standard
Model (SM) must be extended. Among the theories beyond the SM, the models based on the gauge group
SU(3)C × SU(3)L × U(1)X (called 3-3-1 for short) [1–49] have some intriguing features allowing them to explain
the number of SM fermion families, the electric charge quantization [50, 51], etc. In the ordinary 3-3-1 models, the
Higgs sector contains at least three scalar triplets significantly extending their scalar spectrum. Attempts aimed to
reduce the Higgs sector of the 3-3-1 models have been undertaken in the literature. A model with the parameter
β = − 1√
3
, defined in (3), has been proposed in Refs. [47, 52–57]. Due to its restricted scalar sector it is called the eco-
nomical 3-3-1 model. However, this and other similar versions of the 3-3-1 model with the reduced scalar content failed
to reproduce the neutrino oscillation data. In a view of these difficulties a 3-3-1 model with β = 1√
3
and containing
just two Higgs triplets has been studied in Ref. [41]. In this model the light active neutrino masses are generated via
type I seesaw, the SM charged fermion masses arise from a Universal Seesaw mechanism and the fermion mixings is
not addressed. In this work we propose a different kind of economical 3-3-1 model with three right handed Majorana
neutrinos where the SU(3)C × SU(3)L × U(1)X gauge symmetry is supplemented by the A4 family symmetry and
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2other auxiliary cyclic symmetries and the scalar sector is enlarged by the inclusion of several gauge singlet scalars,
charged under the different discrete symmetries. Our model successfully addresses the observed pattern of the SM
fermion masses and mixings, which is caused by the spontaneous breaking of the different discrete group factors of
the model. In the proposed model, the tiny values of the active neutrino masses are generated from a linear seesaw
mechanism. It is worth mentioning that in our model has the U(1)X charges assignments of the left handed SU(3)L
triplets of quark fields are different than in the model of Ref. [41]. Thus we have two exotic down type quarks and
one exotic up type quarks whereas the model of Ref. [41] has two exotic up type quarks and one exotic down type
quark. In addition, whereas in our model the small masses for the active neutrinos are produced from a linear seesaw
mechanism, in the model of Ref. [41] they are generated from a type I seesaw mechanism. In this work we study the
SM fermion masses and mixings as well as the implications of our model in lepton flavor violating Higgs decays as
well as in the LHC production of the extra heavy neutral gauge boson Z ′ and its detection in the dimuon channel. In
Ref. [41], the extra fermion lying in the bottom of the lepton triplet is the charged lepton instead of the right-handed
neutrino, which is the field of the third component of SU(3)L leptonic triplet in our model. On the other hand, the
discrete symmetry is a powerful tool to explain the observed pattern of SM fermion masses and mixing angles. This
is a reason why discrete symmetries such as A4 [31, 39, 58–99], S3 [12, 19–21, 100–129], S4 [10, 64, 130–151], ∆(27)
[42, 152–177], etc, have received a lot interest by the model building community.
The aim of this work is to study the economical 3-3-1 model combined with discrete symmetry A4 to realize the linear
seesaw mechanism and to explain the current SM fermion mass and mixing pattern. It is worth mentioning that the
linear seesaw mechanism has an advantage of being testable at the LHC since the sterile neutrinos have TeV scale
masses as in the inverse seesaw mechanism discussed in Ref. [178]. This is a reason why the linear seesaw mechanism
[94, 94, 179–186] is implemented here. In this work we will focus on neutrino sector of the above mentioned model. It
is worth mentioning that, in this model, some quarks and scalar fields carry lepton number. Consequently, the above
character leads to flavor lepton number violating decay modes of the SM-like Higgs boson which attracts our interest.
Let us note that in the economical 3-3-1 model, both neutral components of the χ triplet, namely, its entries at the
top and bottom are allowed to have vacuum expectation value (VEV); and this leads to mixing between the SM W±
boson and the new heavy bilepton gauge boson Y ±. In this paper, only one component of χ, namely, χ03 is allowed
to have VEV. Therefore there is no such mixing. The Higgs sector is considered in details and the 126 GeV SM-like
Higgs boson is identified. The SM consists of a small part of lepton number violation, therefore we will consider this
effect.
The further plan of this work is organized as follows. In Sect. II, the fermionic as well as the scalar sectors are
introduced. The scheme of spontaneous symmetry breaking (SSB) and the Yukawa couplings are presented. By the
way, the limit on the VEV of the SU(3)L is deduced. Sect. III is devoted to the quark masses and mixings, while
Sect. IV is devoted to those of leptons. There we will focus on neutrino masses and mixings. In Sect. VI, the flavor
lepton number violating decay is considered. In the last section - section VII, we summary our result and discuss
the consequences. In Appendix A, the discrete group A4 group characters are presented. The Higgs sector is in
details presented in appendix B. The analytic formulas of one-loop contributions to the lepton flavor violating decay
amplitudes of the SM-like Higgs boson were collected in appendix C. Couplings of neutral gauge bosons Z and Z ′ to
fermions are given in appendix D.
II. THE MODEL
We propose a 3-3-1 model where the scalar sector is composed of two SU(3)L scalar triplets and seven SU(3)L scalar
singlets and the fermion sector corresponds to the one of the 3-3-1 models with three right handed Majorana neutrinos.
In our model the SU(3)C × SU(3)L × U(1)X gauge symmetry is supplemented by the A4 × Z8 × Z14 × Z22 discrete
group, so that the full symmetry G exhibits the following three-step spontaneous breaking:
G = SU(3)C × SU(3)L × U(1)X ×A4 × Z8 × Z14 × Z22 (1)
⇓ Λint
SU(3)C × SU(3)L × U(1)X
⇓ vχ
SU(3)C ⊗ SU(2)L × U(1)Y
⇓ vη
3SU(3)C ⊗ U(1)Q
where the different symmetry breaking scales satisfy the following hierarchy
vη = v = 246GeV vχ ∼ O(10)TeV. (2)
In the 3-3-1 model under consideration, the electric charge is defined in terms of the SU(3) generators and the identity
by:
Q = T3 + βT8 +X = T3 − 1√
3
T8 +X, (3)
where we have chosen β = − 1√
3
(without non SM electric charges), which implies that bottom component of the
SU(3)L lepton triplet is a neutral field ν
C
R thus allowing to build the Dirac matrix with the usual field νL up the top
of the lepton triplet. Adding gauge singlet right handed Majorana neutrinos NiR (i = 1, 2, 3) will allow to implement
a low scale seesaw mechanism (which could be inverse or linear) to generate the masses for the light active neutrinos.
These low scale seesaw mechanisms are attractive explanations for the smallest of neutrino masses because they can
be testable at the LHC since the sterile neutrinos have TeV scale masses. Let us note that if the TeV scale sterile
neutrinos are found at the LHC, the 3-3-1 models with β = − 1√
3
can be very strong candidates for unraveling the
mechanism responsible for electroweak symmetry breaking.
The cancellation of chiral anomalies implies that number of triplets equals that of antitriplets, so that quarks are
unified in the following SU(3)C × SU(3)L × U(1)X left- and right-handed representations [2, 7, 9, 187]:
QnL = (Dn ,−Un , Jn )TL ∼ (3, 3∗, 0), Q3L = (U3 , D3 , T )TL ∼
(
3, 3,
1
3
)
, n = 1, 2,
DiR ∼
(
3, 1,−1
3
)
, UiR ∼
(
3, 1,
2
3
)
, JnR ∼
(
3, 1,−1
3
)
, TR ∼
(
3, 1,
2
3
)
, i = 1, 2, 3 .
Furthermore, the requirement of chiral anomaly cancellation constrains the leptons to the following SU(3)C×SU(3)L×
U(1)X left- and right-handed representations [2, 7, 187]:
LiL = (νi , ei , ν
c
i )
T
L ∼
(
1, 3,−1
3
)
, eiR ∼ (1, 1,−1), i = 1, 2, 3, (4)
In the present model the fermion sector is extended by introducing three right handed Majorana neutrinos, singlets
under the 3-3-1 group, so that they have the following SU(3)C × SU(3)L × U(1)X assignments:
NiR ∼ (1, 1, 0), i = 1, 2, 3.
In the Ref.[41] where β = + 1√
3
, the third component of lepton triplet is an extra charged leptons.
We assign the scalar fields in the following SU(3)C × SU(3)L × U(1)X representations:
χ =
 χ01χ−2
1√
2
(vχ + ξχ ± iζχ)
 ∼ (1, 3,−1
3
)
, η =
 1√2 (vη + ξη ± iζη)η−2
η03
 ∼ (1, 3,−1
3
)
,
σ ∼ (1, 1, 0), ξi ∼ (1, 1, 0), ζi ∼ (1, 1, 0), i = 1, 2, 3.
ρi ∼ (1, 1, 0), ϕi ∼ (1, 1, 0), φi ∼ (1, 1, 0).
The scalar assignments under the A4 × Z8 × Z14 × Z22 discrete group are summarized in Table I.
In what follows we briefly describe the gauge sector of our model. Let us denote
W±µ =
1√
2
(Aµ1 ∓ iAµ2) , Y ±µ =
1√
2
(Aµ6 ± iAµ7) , X0µ =
1√
2
(Aµ4 − iAµ5) , (5)
where Y ± and X0 are bilepton gauge bosons. With the above Higgs structure, the gauge bosons get masses given by
[188]:
m2W =
g2
4
v2η , M
2
X0 =
g2
4
(
v2χ + v
2
η
)
, M2Y =
g2
4
v2χ , (6)
4χ η σ ξ ζ ρ φ ϕ
A4 1 1 1
′ 3 3 3 3 3
Z8 0 −1 0 1 −7 −1 −1 4
Z14 0 −1 0 1 −7 1 1 1
Z22 0 −2 −1 2 −1 2 2 2
Table I: Scalar assignments under A4 × Z8 × Z14 × Z22.
Q1L Q2L Q3L U1R U2R U3R TR D1R D2R D3R J1R J2R LL NR e1R e2R e3R
A4 1
′′ 1′ 1 1′′ 1′ 1 1 1′ 1′′ 1′′ 1′′ 1′ 3 3 1 1′ 1
Z8 0 0 0 −3 −1 1 0 2 4 −1 0 0 0 0 0 3 0
Z14 0 0 0 5 −1 1 0 2 4 −1 0 0 −4 −4 −6 −6 −6
Z22 −5 −4 0 −8 −6 2 0 −14 −9 −1 −5 −4 −7 −8 −5 −9 −11
Table II: Fermion assignments under A4 × Z8 × Z14 × Z22.
and vη = v = 246 GeV, as expected.
From (6) it follows a splitting of gauge boson masses
M2X0 −M2Y = m2W . (7)
The oblique T , S and U parameters in 3-3-1 models have been studied in detail in Ref. [189]. It has been shown in
Ref. [189] that the bilepton gauge boson contributions to the oblique S and T parameters are constrained to be in
the ranges −0.085 . S . 0.05, −0.001 . T . 0.08, respectively. In the scenario where the mixing angles between the
exotic and the SM quarks are small, which is the the case in our model, the exotic quark contributions to these oblique
parameters are very subleading since they are suppressed by the square of the small mixing angles. Consequently, the
dominant contributions to the oblique S and T parameters are the ones arising from the bilepton gauge bosons Y ±
and X0. Notice that the aforementioned range of values for the S and T parameters allow to have a region of the
model parameter space where the obtained values for these oblique parameters are inside the experimentally allowed
region of Ref. [190] enclosed by the ellipses in the S − T plane.
The fermion assignments under the A4 × Z8 × Z14 × Z22 discrete group are summarized in Table II.
We assume the following VEV pattern for the A4 triplet SM singlet scalars ξ, ζ, ρ, ϕ and φ:
〈ξ〉 = vξ√
3
(1, 1, 1), 〈ζ〉 = vζ√
2
(1, 0, 1), 〈ρ〉 = vρ√
3
(1, 1, 1),
〈ϕ〉 = vϕ√
3
(
cosα+ eiψ sinα, ω
(
cosα+ ωeiψ sinα
)
, ω2
(
cosα+ ω2eiψ sinα
))
, (8)
〈φ〉 = vφ√
3
(
cosα− e−iψ sinα, ω2 (cosα− ω2e−iψ sinα) , ω (cosα− ωe−iψ sinα)) , ω = e 2pii3 ,
which are consistent with the scalar potential minimization equations for a large region of parameter space, as shown
in details in Refs. [39, 170].
With the above particle content, the relevant Yukawa terms for the quark and lepton sectors invariant under the
group G, respectively, are:
−L(q)Y = y(T )Q3LχTR + y(U)33 Q3LηU3R
+y
(U)
22 εabcQ
a
2Lη
bχcU2R
(ξξ)1
Λ3
+ y
(U)
11 εabcQ
a
1Lη
bχcU1R
(
ξ3ζ
)
1
Λ6
+y
(J)
1 Q1Lχ
∗J1R + y
(J)
2 Q2Lχ
∗J2R
+y
(D)
33 εabcQ
a
3L (η
∗)b (χ∗)cD3R
σ
Λ
+ y
(D)
22 Q2Lη
∗D2R
(
ξ2ζ
)
1
Λ3
(9)
+y
(D)
11 Q1Lη
∗D1R
(
ξ4ζ
)
1
Λ4
+ y
(D)
12 Q1Lη
∗D2R
(
ξ2ζ
)
1
σ
Λ4
+ y
(D)
13 Q1Lη
∗D3R
σ6
Λ6
+ y
(D)
23 Q2Lη
∗D3R
σ5
Λ5
+H.c,
−L(l)Y = y(L)1 εabc
(
L
a
L (η
∗)b (χ∗)c ρ
)
1
e1R
σ6
Λ8
+ y
(L)
2 εabc
(
L
a
L (η
∗)b (χ∗)c ϕ
)
1
e2R
σ2
Λ4
+
y
(L)
3
Λ2
εabc
(
L
a
L (η
∗)b (χ∗)c ρ
)
1
e3R
5+z
(L)
1 εabc
(
L
a
L (η
∗)b (χ∗)c φ
)
1
e1R
σ6
Λ8
+
z
(L)
3
Λ2
εabc
(
L
a
L (η
∗)b (χ∗)c φ
)
1
e3R
+yρεabcεdec
(
L
a
L
(
LCL
)b)
3a
ηdχe
ζσ11
Λ13
+ y
(L)
1η
(
LLηNR
)
3s
ξσ∗
Λ2
+ y
(L)
2η
(
LLηNR
)
3a
ξσ∗
Λ2
+y(L)χ
(
LLχNR
)
1′
σ∗
Λ
+H.c (10)
where the dimensionless couplings in Eqs. (9) and (10) areO(1) parameters. In addition to these terms, the symmetries
unavoidably allow the following terms:
y(T3)Q3LχU3R
(ξ∗2ξ)1
Λ3
, y(3T )Q3LηTR
(ξ∗ξ2)1
Λ3
y(J2D3)Q2Lχ
∗D3R
(ξ2ξ∗)1σ5
Λ8
, y(D3J2)εabcQ
a
3L (η
∗)b (χ∗)cD3R
(ξ∗2ξ)1′σ∗4
Λ8
.
These terms will generate very small mixing angles of the third generation SM up and down type quarks with the
exotic quarks. Such mixing angles are of the order of λ5 and λ11 (being λ = 0.225), for the up and down type quarks,
respectively, thus allowing us to safely neglect these strongly suppressed corrections, which will not be considered in
our analysis. Furthermore, as it will shown in Sect. III, the quark assignments under the different group factors of
our model will give rise to SM quark mass textures where the CKM quark mixing angles only arise from the down
type quark sector. As indicated by the current low energy quark flavor data encoded in the standard parametrization
of the quark mixing matrix, the complex phase responsible for CP violation in the quark sector is associated with the
quark mixing angle in the 1-3 plane. Thus, the Yukawa coupling y
(D)
13 in Eq. (9) is required to be complex in order to
successfully reproduce the experimental values of the quark mixing angles and CP violating phase. Besides that, in
order to successfully reproduce the experimental values of the leptonic mixing parameters, we will also assume that
the y
(L)
2 and y
(L)
3 parameters are complex.
In the following we provide the reason for introducing the different discrete group factors in our model. We introduce
the A4 and Z14 discrete groups with the aim of reducing the number of model parameters, thus making our model
more predictive. In addition, these discrete groups allow us to get predictive and viable textures for the fermion
sector capable of successfully explaining the observed pattern of fermion masses and mixing angles, as will be shown
in Sects. III and IV. The A4 and Z14 discrete groups select the allowed entries of the mass matrices for SM quarks.
The Z8 discrete symmetry separates the A4 scalar triplet ξ participating in the charged lepton Yukawa interactions
from the remaining A4 scalar triplets. The Z14 discrete symmetry separates the A4 scalar triplet ζ participating in the
Dirac neutrino Yukawa interactions from the A4 scalar triplet ξ appearing in some of the neutrino Yukawa interactions
involving the right handed Majorana neutrinos NiR (i = 1, 2, 3). Let us note that the different A4×Z14×Z22 charge
assignments for the quark fields shown in Table II give rise to a CKM quark mixing matrix solely emerging from the
down type quark sector. The spontaneous breaking of the Z14 × Z22 discrete group yields the hierarchical structure
of the SM charged fermion mass matrix and quark mixing angles. Furthermore, the Z22 symmetry is the smallest
cyclic symmetry allowing one to construct a Dirac Yukawa term
(
L
a
L
(
LCL
)b)
3a
ηdχe ζσ
11
Λ13 of dimension thirteen from
an σ
11
Λ11 insertion on the
(
L
a
L
(
LCL
)b)
3a
ηdχe ζΛ2 operator, necessary for obtaining the required λ
19 suppression (where
λ = 0.225 is one of the Wolfenstein parameters) crucial for natural explanation of the smallness of the Dirac neutrino
mass matrix and thus of the light active neutrino masses, as it will be explained in more details in Sect. IV. Thus, in
view of the above, the hierarchy among charged fermion masses and quark mixing angles is caused by the spontaneous
breaking of the A4 × Z14 × Z22 discrete group. Consequently, the quark masses are related with the quark mixing
angles and we therefore set the VEVs of the scalar fields η, χ, σ, ξj , ζj (j = 1, 2, 3) with respect to the Wolfenstein
parameter λ and the model cutoff Λ, as follows:
vη ∼ λ4Λ < vζ ∼ λ3Λ < vχ ∼ λ2Λ < vξ ∼ vσ ∼ vρ ∼ vϕ ∼ vφ ∼ λΛ . (11)
III. QUARK MASSES AND MIXINGS
From the quark Yukawa interactions given by Eq. (9) we find that the SM mass matrices for quarks take the form:
6MU =
 a
(U)
1 λ
8 0 0
0 a
(U)
2 λ
4 0
0 0 a
(U)
3
 v√
2
, MD =
 a
(D)
11 λ
7 a
(D)
12 λ
6 a
(D)
13 λ
6
0 a
(D)
22 λ
5 a
(D)
23 λ
5
0 0 a
(D)
33 λ
3
 v√
2
, (12)
where a
(U)
1 , a
(D)
11 , ... are O(1) dimensionless parameters. Here v = 246 GeV is the scale of electroweak symmetry
breaking.
Furthermore, due to the different A4 × Z14 × Z22 charge assignments for the quark fields, the exotic quarks do not
feature mixings with the SM quarks and thus the exotic quark masses are:
mT = y
(T ) vχ√
2
, mJ1 = y
(J)
1
vχ√
2
=
y
(J)
1
y(T )
mT , mJ2 = y
(J)
2
vχ√
2
=
y
(J)
2
y(T )
mT . (13)
As seen from Eq. (12), the model has ten physical parameters, allowing one reproduce any value of ten observables:
six quark masses, three mixing angles and one Jarlsckog CP invariant shown in Table III. The corresponding values
of the model parameters are:
a
(U)
1 ' 1.269 , a(U)2 ' 1.424 , a(U)3 ' 0.989 ,
a
(D)
11 ' 0.585 , a(D)22 ' 0.540 , a(D)33 ' 1.431 ,
a
(D)
12 ' 0.525 ,
∣∣∣a(D)13 ∣∣∣ ' 0.455 , arg(a(D)13 ) ' −76.07◦ , a(D)23 ' 1.153 . (14)
An important feature of the above result is that the absolute values of all a-parameters are of the order of unity. Thus,
the symmetries of our model allow us naturally explain the hierarchy of quark mass spectrum without appreciable
tuning of these effective parameters.
Observable S-4 S-3 S-2a S-2b Experimental value
mu(MeV) 1.12 1.12 1.12 1.12 1.45
+0.56
−0.45
mc(MeV) 617 617 617 617 635± 86
mt(GeV) 174 174 174 174 172.1± 0.6± 0.9
md(MeV) 2.83 2.12 2.12 2.12 2.9
+0.5
−0.4
ms(MeV) 56.0 42.0 42.0 42.0 57.7
+16.8
−15.7
mb(GeV) 2.75 2.75 2.75 2.75 2.82
+0.09
−0.04
sin θ12 0.230 0.230 0.230 0.230 0.225
sin θ23 0.0514 0.0511 0.0511 0.0511 0.0412
sin θ13 0.00365 0.00356 0.00335 0.00356 0.00365
J 3.43× 10−5 2.74× 10−5 3.43× 10−5 2.78× 10−5 (3.18± 0.15)× 10−5
Table III: Model benchmark scenarios S-4, S-3, S-2 with four, three and two free parameters, respectively, as well as experimental
values of the quark sector observables from Ref. [191].
Another observation about the set of values given in Eq. (14) is that it shows rather particular pattern: some of them
are practically equal between each other. This fact suggests to consider the following simplified benchmark scenarios
with a limited number of the free parameters:
S-4 (4 free parameters): a
(D)
11 = a
(D)
12 = a
(D)
22 , a
(U)
1 = a
(U)
3 = 1, a
(D)
23 = a
(D)
33 = a
(U)
2 . (15)
Best-fit values: a
(U)
2 ' 1.40, a(D)11 ' 0.57,
∣∣∣a(D)13 ∣∣∣ ' 0.43, arg(a(D)13 ) ' −57.82◦
S-3 (3 free parameters): a
(D)
11 = a
(D)
12 = a
(D)
22 =
∣∣∣a(D)13 ∣∣∣ , a(U)1 = a(U)3 = 1, a(D)23 = a(D)33 = a(U)2 . (16)
Best-fit values: a
(U)
2 ' 1.40, a(D)11 ' 0.42, arg(a(D)13 ) ' −44.12◦
S-2a (2 free parameters): a
(D)
11 = a
(D)
12 = a
(D)
22 =
∣∣∣a(D)13 ∣∣∣ , a(U)1 = a(U)3 = 1, a(D)23 = a(D)33 = a(U)2 ,
7Best-fit values: a
(U)
2 ' 1.40, a(D)11 ' 0.42, arg(a(D)13 ) = −30◦. (17)
S-2a (2 free parameters): a
(D)
11 = a
(D)
12 = a
(D)
22 =
∣∣∣a(D)13 ∣∣∣ , a(U)1 = a(U)3 = 1, a(D)23 = a(D)33 = a(U)2 ,
Best-fit values: a
(U)
2 ' 1.40, a(D)11 ' 0.42, arg(a(D)13 ) = −45◦.
As seen from Table III, all the quark observables are reproduced with a reasonable precision even in the 2-parameter
scenarios S-2a and S-2b. This result hints that the model framework allows introduction of certain extra symmetries
significantly reducing the number of free parameters. This possibility will be studied elsewhere.
IV. LEPTON MASSES AND MIXINGS
In order to show that our model is able to provide a good fit to the experimental data on lepton masses and mixing
angles let us consider a particular benchmark scenario where:
z
(L)
1 = y
(L)
1 , vφ = e
iγ sinβvϕ, vρ = vϕ cosβ, y
(L)
3 = −e−iγy(L)4 tanβ, z(L)3 = e−iγy(L)4 cotβ. (18)
Then, the charged lepton mass matrix takes the form:
Ml =

me(−ei(γ−ψ) sinα sin β+eiγ cosα sin β+cos β)√
3
mµ(e
iψ sinα+cosα)√
3
mτ(cosα cos β−e−iψ sinα cos β−e−iγ sin β)√
3
me(eiγω2 cosα sin β−ei(γ−ψ)ω sinα sin β+cos β)√
3
mµ(ω2eiψ sinα+ω cosα)√
3
mτ(ω2 cosα cos β−ωe−iψ sinα cos β−e−iγ sin β)√
3
me(−ei(γ−ψ)ω2 sinα sin β+eiγω cosα sin β+cos β)√
3
mµ(ω2 cosα+ωeiψ sinα)√
3
mτ(−ω2e−iψ sinα cos β+ω cosα cos β−e−iγ sin β)√
3

= RlLdiag (me,mµ,mτ ) , RlL =
1√
3
 1 1 11 ω ω2
1 ω2 ω

 1 0 00 cosα − sinαe−iψ
0 sinαeiψ cosα

 cosβ 0 − sinβe−iγ0 1 0
sinβeiγ 0 cosβ
 ,
ω = e
2pii
3 , (19)
where the charged lepton masses are:
me = a
(l)
1 λ
9 v√
2
, mµ = a
(l)
2 λ
5 v√
2
, mτ = a
(l)
3 λ
3 v√
2
. (20)
a
(l)
i (i = 1, 2, 3) are O(1) parameters. Note that the charged lepton masses are linked to the scale of electroweak
symmetry breaking through their power dependence on the Wolfenstein parameter λ, with O(1) coefficients. Fur-
thermore, from the lepton Yukawa terms given in Eq. (10) it follows that our model does not feature flavor changing
leptonic neutral Higgs decays at tree level.
For the neutrino sector we find from the Eq. (10) the following neutrino mass terms:
− 2L(ν)mass =
(
νCL νR NR
)
Mν
 νLνCR
NCR
+H.c, (21)
where νiR ≡ ((νc)L)C corresponding to the third components of the lepton triplet introduced in Eq. (4). The A4
family symmetry of the model constrains the neutrino mass matrix to be of the form:
Mν =
 03×3 M1 M2MT1 03×3 M3
MT2 M
T
3 03×3
 (22)
with
M1 =
vηvχvζ
2
√
2Λ2
(vσ
Λ
)11 0 ω2 0−ω2 0 1
0 −1 0
 , M2 = y(L)1η vηvξ√
6Λ
(vσ
Λ
) 0 (1 + x)ω2 (1− x)ω(1− x)ω2 0 1 + x
(1 + x)ω 1− x 0
 ,
8M3 = y
(L)
χ
vχ√
2
(vσ
Λ
) 1 0 00 ω 0
0 0 ω2
 , x = y(L)2η
y
(L)
1η
, ω = e
2pii
3 . (23)
The light active masses arise from linear seesaw mechanism and the physical neutrino mass matrices are:
M (1)ν = −
[
M2M
−1
3 M
T
1 +M1
(
MT3
)−1
MT2
]
, (24)
M (2)ν =
1
2
(
M3 +M
T
3
)
+
1
4
[
MT2 M
∗
2 (M
∗
3 )
−1 + (M†3 )
−1M†2M2
]
, (25)
M (3)ν =
1
2
(
M3 +M
T
3
)
+
1
4
[
MT2 M
∗
2 (M
∗
3 )
−1 + (M†3 )
−1M†2M2
]
, (26)
where M
(1)
ν corresponds to the active neutrino mass matrix whereas M
(2)
ν and M
(3)
ν are the sterile neutrino mass
matrices. Explicitly we have
M (1)ν =
y
(L)
1η√
2y
(L)
χ
(vσ
Λ
)11 vηvζvξ
Λ3
 −2(x+ 1) ω2(x− 1) 2ωxω2(x− 1) −4ωx x+ 1
2ωx x+ 1 −2ω2(x− 1)
 vη√
2
=
 −2(x+ 1) ω2(x− 1) 2ωxω2(x− 1) −4ωx x+ 1
2ωx x+ 1 −2ω2(x− 1)
mν , mν = aνλ19v√
2
. (27)
The experimental values of charged lepton masses, the neutrino mass squared splittings, the leptonic mixing parame-
ters and Dirac CP violating phase can reproduced for the normal ordering (NO) of the neutrino mass spectrum with
the following values of the model effective parameters.
a
(l)
1 ' 1.89, a(l)2 ' 1.02, a(l)3 ' 0.88, x ' 0.43,
mν ' 16.24 meV, α ' 65.49◦ , β ' 67.84◦ , γ ' 123.79◦ , ψ ' −5.63◦ .
(28)
As seen from Table IV, the deviations of the model values from the experimental ones are within ∼ 1σ. Again, akin
to the quark sector, the absolute value of the effective dimensionless parameters a(l), x are of the order of unity. We
interpret this fact in a way that the lepton mass hierarchy is explained on account of the model structure, symmetries
and field content, without unnatural tuning these effective parameters.
Using the values from Eq. (28), we find for the PMNS leptonic mixing matrix:
UPMNS = R
†
lRν =
 −0.182427− 0.794389i −0.301917 + 0.472136i 0.130482 − 0.0676343i−0.284635− 0.0708332i −0.346583− 0.508587i −0.160788− 0.713675i
−0.182477− 0.465117i 0.247914 − 0.495673i −0.481103 + 0.460169i
 (29)
where Rν is the rotation matrix that diagonalizes the light active neutrino mass matrix M
(1)
ν . Such neutrino mass
matrix cannot be diagonalized in an analytical closed form and for this reason we do not show the expression for Rν ,
which is numerically determined.
Let us consider the effective Majorana neutrino mass parameter
mββ =
∣∣∣∣∣∣
∑
j
U2ekmνk
∣∣∣∣∣∣ , (30)
where Uej and mνk are the the PMNS leptonic mixing matrix elements and the neutrino Majorana masses, respectively.
The neutrinoless double beta (0νββ) decay amplitude is proportional to mββ . With the model best fit values in
Table IV we find
mββ ' 20 meV . (31)
9Observable Model bpf ±1σ [192] bpf ±1σ [193] 3σ range [192] 3σ range [193]
∆m221 [10
−5eV2] 7.55 7.55+0.20−0.16 7.40
+0.21
−0.20 7.05− 8.14 6.80− 8.02
∆m231 [10
−3eV2] 2.50 2.50± 0.03 2.494+0.033−0.031 2.41− 2.60 2.399− 2.593
θ
(l)
12 (
◦) 34.51 34.5+1.2−1.0 36.62
+0.78
−0.76 31.5− 38.0 31.42− 36.05
θ
(l)
13 (
◦) 8.45 8.45+0.16−0.14 8.54± 0.15 8.0− 8.9 8.09− 8.98
θ
(l)
23 (
◦) 47.7 47.9+1.0−1.7 47.2
+1.9
−3.9 41.8− 50.7 40.3− 51.5
δ
(l)
CP (
◦) 171 −142+38−27 −108+43−31 157− 349 144− 374
Table IV: Model and experimental values of the light active neutrino masses, leptonic mixing angles and CP violating phase
for the scenario of normal (NH) neutrino mass hierarchy. The experimental values are taken from Refs. [192, 193]
Figure 1: Correlation of the effective Majorana neutrino mass parameter mββ with the lightest neutrino mass m1.
Fig. 1 shows the correlation of the effective Majorana neutrino mass parameter mee vs the lightest neutrino mass m1.
As can be seen from Fig. 1, our model predicts in the benchmark region (18) the values of the effective Majorana
neutrino mass parameter in the range 0.0196 eV. mββ . 0.0203 eV. This range is within the declared reach of
the next-generation bolometric CUORE experiment [194] or, more realistically, of the next-to-next-generation ton-
scale 0νββ-decay experiments. The current most stringent experimental upper limit mββ ≤ 160 meV is set by
T 0νββ1/2 (
136Xe) ≥ 1.1× 1026 yr at 90% C.L. from the KamLAND-Zen experiment [195].
V. Z′ GAUGE BOSON PRODUCTION AT THE LHC
Here we compute the total cross section for the production of a heavy Z ′ gauge boson at the LHC via Drell-Yan
mechanism. We consider the dominant contribution due to the parton distribution functions of the light up, down
and strange quarks, so that the total cross section for the production of a Z ′ via quark antiquark annihilation in
proton-proton collisions with center of mass energy
√
S takes the form:
σ
(DrellY an)
pp→Z′ (S) =
g2pi
6c2WS

[(
g′uL
)2
+
(
g′uR
)2] ∫ − ln√m2Z′S
ln
√
m2
Z′
S
fp/u
(√
m2Z′
S
ey, µ2
)
fp/u
(√
m2Z′
S
e−y, µ2
)
dy
+
[(
g′dL
)2
+
(
g′dR
)2] ∫ − ln√m2Z′S
ln
√
m2
Z′
S
fp/d
(√
m2Z′
S
ey, µ2
)
fp/d
(√
m2Z′
S
e−y, µ2
)
dy
+
[(
g′dL
)2
+
(
g′dR
)2] ∫ − ln√m2Z′S
ln
√
m2
Z′
S
fp/s
(√
m2Z′
S
ey, µ2
)
fp/s
(√
m2Z′
S
e−y, µ2
)
dy
 , (32)
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where fp/u
(
x1, µ
2
)
(fp/u
(
x2, µ
2
)
), fp/d
(
x1, µ
2
)
(fp/d
(
x2, µ
2
)
) and fp/s
(
x1, µ
2
)
(fp/s
(
x2, µ
2
)
) are the distributions of the light
up, down and strange quarks (antiquarks), respectively, in the proton which carry momentum fractions x1 (x2) of the proton.
The factorization scale is taken to be µ = mZ′ . Fig. 2 (left panel) displays the Z
′ total production cross section at the LHC
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Figure 2: Total cross section for the Z′ production via Drell-Yan mechanism at the LHC for
√
S = 13 TeV and as a function
of the Z′ mass.
via the Drell-Yan mechanism for
√
S = 13 TeV as a function of the Z′ mass MZ′ in the range from 4 TeV up to 5 TeV. We
consider neutral heavy Z′ gauge boson masses larger than 4 TeV to fulfill the bound arising from the experimental data on K,
D and B meson mixings [196]. For this region of Z′ masses we find that the total production cross section ranges from 85 fb up
to 10 fb. The heavy neutral Z′ gauge boson, after being produced, will subsequently decay into the pair of the SM particles,
with the dominant decay mode into quark-antiquark pairs as shown in Refs. [9, 197]. The two body decays of the Z′ gauge
boson in 3-3-1 models have been studied in details in Ref. [197]. In particular, in Ref. [197] it has been shown that the Z′
decays into a lepton pair in 3-3-1 models have branching ratios of the order of 10−2, which implies that the total LHC cross
section for the pp→ Z′ → l+l− resonant production at √S = 13 TeV will be of the order of 1 fb for a 4 TeV Z′ gauge boson,
which is below its corresponding lower experimental limit from the LHC searches [198]. On the other hand, at the proposed
energy upgrade of the LHC at 28 TeV center of mass energy, the total cross section for the Drell-Yan production of a heavy
Z′ neutral gauge boson gets significantly enhanced reaching values ranging from 2.5 pb up to 0.7 pb, as indicated in the right
panel of Fig. 2. Consequently, the LHC cross section for the pp → Z′ → l+l− resonant production at √S = 28 TeV will be
of the order of 10−2 pb for a 4 TeV Z′ gauge boson, which corresponds to the order of magnitude of its corresponding lower
experimental limit arising from LHC searches [198].
VI. LEPTON FLAVOR VIOLATING DECAYS
Given that the SM-like Higgs boson discussed here is the combination of only ξη and ξχ, (for details, see Appendix B), the
couplings of the SM-like Higgs boson with charged leptons in the mass basis are included in the three first terms of the Eq. (10).
Combining such relations with the definition of the charged lepton mass eigenstates and masses given in formulas (19) and
(20), the couplings h01ee are included in the following part
−Lh01ee ⊂
(
1 +
ξη
vη
+
ξχ
vχ
)
(meieiLeiR + H.c.)→
g
2mW
(cα + sαtθ)h
0
1 (meieiLeiR + H.c.) . (33)
We can see that the couplings h01eiei are exactly the same as the SM prediction in the limit sα, tθ → 0 and cα → 1. Also,
there are no lepton flavor violating decays of the SM-like Higgs bosons (LFVHD) h01 → e±i e∓j with i 6= j at tree level.
This is consistent with the latest experimental result, where no signals were found and the upper bound of this decay is
Br(h01 → τ∓µ±, τ∓e±) < O(10−3) at 95 % confidence level [199, 200].
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This feature distinguishes our model from some previous models with discrete symmetry that predicted tree-level LFVHD [143].
However, the SM-like Higgs bosons in our model still couple with the heavy neutrinos through the four last Yukawa terms of
Eq. ((10)). Hence, the LFVHD may arise at one-loop level, as in the models of the standard seesaw, inverse seesaw, and 3-3-1
model with massive neutrinos and inverse seesaw mechanism [201–206]. While the standard seesaw model predicts suppressed
Branching ratios for LFVHD, such LFVHD can reach interesting values of the order of 10−5 in the framework of models with
inverse seesaw mechanisms. Recent studies predict that experimental sensitivities for LFVHD can reach values of the order of
10−5 in the near future [207, 208].
The one-loop diagrams contributing to the LFV decays of ei → ejγ and the SM-like Higgs boson decay h01 → eiej with i 6= j
are exactly the same as those ones appearing in the seesaw and inverse seesaw versions of the SM. The difference is the neutrino
mixing matrix, arising from the linear seesaw mechanism. Hence, it will be interesting to estimate how large the Br(h01 → eiej)
can become under the current bounds of Br(µ → eγ) < 4.2 × 10−13 [209]. In addition, future sensitivities of the LFV decays
will be improved, namely 6 × 10−14 for Br(µ → eγ) [210, 211], and about O(10−9) for the two decays Br(τ → eγ) and
Br(τ → µγ) [212] (for a recent review see, for instance, Ref. [213]).
We will use the approximate formulas for the Br(ei → ejγ) in 3-3-1 models given in Ref. [214], which were checked to be well-
consistent with the results obtained from exact numerical computation. Other approaches used for discussions of LFV decays
of charged leptons in 3-3-1 models were also given previously [28, 215, 216]. Analytic formulas for calculating the one-loop
contributions to LFVHD in the unitary gauge are given in Ref. [32, 205, 206], and were shown to be consistent with previous
works [204]. Using these formulas, we only determine couplings between physical states and ignore all Goldstone bosons.
From the definition of covariant derivative corresponding to the electroweak gauge group SU(3)L × U(1)X , the covariant part
in the covariant derivative Dµ related with the charged gauge bosons in the model under consideration is
PCCµ ≡ 1√
2
 0 W+µ 0W−µ 0 Y −µ
0 Y +µ 0
 . (34)
Hence the couplings of the SM-like Higgs with the charged gauge bosons are given by:
Lh01V V ⊂ (Dµη)
† (Dµη) + (Dµχ)
† (Dµχ) ,
Lh01V V = gmW cαh
0
1W
+µW−µ + gmY h
0
1sαY
+µY −µ . (35)
The matrix UlL in Eq. (19) will be used to change the basis of the left-handed charged leptons from the flavor basis in the
physical ones. Specifically, the equivalence of the original basis of the left-handed leptons and the physical one is eLRlL ↔ eL,
or eL ↔ RlLeL, while the right handed ones are unchanged. This means that eiL → UlL,ijejL and eiL → ejLU†lL,ji with
i, j = 1, 2, 3.
The neutrino mass matrix Mν in Eq. (22) is diagonalized via an unitary 9× 9 matrix Uν , namely
UTν MνUν = Mˆν = diag(mn1 ,mn2 , ..., mˆn9) = diag(mˆν , mˆN ), (36)
where mˆν = diag(mn1 , mn2 , mn3) and mˆN = diag(mn4 , mn5 , ..., mn9) are the masses of active and exotic neutrinos
nL = (n1L, n2L, ..., n9L). They are Majorana fermions that satisfy nkR = n
c
kL with k = 1, 2, ..., 9. Relations between the
interaction and physical basis for the neutrino fields are: (νCL νR NR) = nRU
T
ν and (νL ν
C
R N
C
R )
T = UνnL.
The couplings of charged gauge bosons with leptons are given by
LV±`` = i(LLγµPCCµ LL)1 = g√
2
(
eiLγ
µνiLW
−
µ + eiLγ
µ(νci )LY
−
µ + H.c.
)
.
→ LV±`` = g√
2
[
(UlL)ji(Uν)ikejLγ
µnkLW
−
µ + (UlL)ji(Uν)(i+3)kejLγ
µnkLY
−
µ + H.c.
]
, (37)
where the sums are taken for i, j = 1, 2, 3 and k = 1, 2, .., 9, and we have used (νci )L = ν
C
iR.
Based on Eq. (10), couplings of SM-like Higgs boson with neutrinos are included in the following interactions:
−Lh01nn ⊂
(
1 +
ξη
vη
+
ξχ
vχ
)[
νCLM1ν
C
R + H.c.
]
+
(
1 +
ξη
vη
)[
νCLM2N
C
R + H.c.
]
+
(
1 +
ξχ
vχ
)[
νRM3N
C
R + H.c.
]
,
−Lh01nn =
g
2mW
h01
[
(cα + sαtθ)
(
νCLM1ν
C
R + H.c.
)
+ cα
(
νCLM2N
C
R + H.c.
)
+ sαtθ
(
νCLM3N
C
R + H.c.
)]
=
gcα
2mW
h01
[
(1 + tαtθ) (Uν)ik(M1)ij(Uν)(j+3)p + (Uν)ik(M2)ij(Uν)(j+6)p
+ tαtθ(Uν)(i+3)k(M3)ij(Uν)(j+6)p
]
nkRnpL + H.c., (38)
where the sums are taken for i, j = 1, 2, 3 and k, p = 1, 2, ..., 9. By defining a symmetric coefficient λkp = λpk satisfying
λkp ≡ (1 + tαtθ) (Uν)ik(M1)ij(Uν)(j+3)p + (Uν)ik(M2)ij(Uν)(j+6)p + tαtθ(Uν)(i+3)k(M3)ij(Uν)(j+6)p + (k ↔ p),
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Figure 3: One-loop diagrams contributing to the SM-like Higgs boson decay h01 → eiej in the unitary gauge, V ± = W±, Y ±.
Eq. (38) can be written in the form
− Lh01nn =
gcα
4mW
h01nk
[
λkpPL + λ
∗
kpPR
]
np, (39)
where PL,R = (1 ∓ γ5)/2 are chiral operators; and np,k are four-component spinors of Majorana neutrinos. This form of the
couplings hnknp allows us to use the Feynman rules in Ref. [217] for calculating LFVHD at one loop level.
Based on Ref. [214], the branching ratio for the ei → ejγ (i > j) decay takes the form:
Br(ei → ejγ) = 12pi
2
G2F
|Dij |2 × Br(ei → ej ν¯jνi), (40)
where GF = g
2/(4
√
2m2W ) and Dij is the one-loop contribution due to virtual charged gauge bosons and Majorana neutrinos
running in the internal lines of the loops Such contribution can be written as Dij = D
W
ij +D
Y
ij , where:
DWij = − eg
2
32pi2m2W
9∑
k=1
3∑
a,b=1
(U∗lL)ib(U
∗
ν )bk(UlL)ja(Uν)akF (tkW ),
DYij = − eg
2
32pi2m2Y
9∑
k=1
3∑
a,b=1
(U∗lL)i(b+3)(U
∗
ν )(b+3)k(UlL)j(a+3)(Uν)(a+3)kF (tkY ), (41)
where
tkW ≡ m
2
nk
m2W
, tkY ≡ m
2
nk
m2Y
, F (x) ≡ −10− 43x+ 78x
2 − 49x3 + 4x4 + 18x3 ln(x)
12(x− 1)4 . (42)
We note that F (x) was given in Ref. [218]. The above formulas were used in the inverse seesaw 3-3-1 models [206] and were
confirmed to be numerically consistent with the previous work of Re. [28]. Numerical values of Br(ei → ej ν¯jνi) will be
fixed as Br(µ → eν¯eνµ) ' 100%, Br(τ → eν¯eντ ) ' 17.82%, and Br(τ → µν¯µντ ) ' 17.39% [191]. At low energy we take
g2 = e2/s2W = 4piαem/s
2
W , where αem ' 1/137 and s2W ' 0.231.
For the LFVHD, one loop diagrams for Br(h01 → eiej) are shown in Fig. 3.
The decay width for the process h01 → eiej is given by:
Γ(h01 → eiej) ≡ Γ(h01 → e−i e+j ) + Γ(h01 → e+i e−j ) =
mh01
8pi
(|∆(ij)L|2 + |∆(ij)R|2) , (43)
with the condition mh01
 mi,j being mi,j the charged lepton masses. The corresponding branching ratio is Br(h01 → eiej) =
Γ(h01 → eiej)/Γtotalh01 where Γ
total
h01
' 4.1× 10−3 GeV [219]. The ∆(ij)L,R functions can be written as follows
∆(ij)L,R =
4∑
i=1
(
∆
(i)W
(ij)L,R + ∆
(i)Y
(ij)L,R
)
, (44)
where analytic forms of ∆
(i)W
(ab)L,R and ∆
(i)Y
(ab)L,R are shown in Appendix C, (for detailed calculations, see Refs. [32, 205]). The
above formulas were crosschecked using FORM [220, 221].
Numerical input parameters for investigating LFV processes here will consist of the benchmark point given in Eq. (28) which
implies that the corresponding values of the physical observables of the lepton sector are automatically consistent with the
neutrino oscillation experimental data. The mixing matrix of the charged lepton sector is fixed as given in Eq. (19). The
neutrino mixing matrix Uν and neutrino masses can be numerically determined from Eq. 36, by using the numerical parameters
given in (28). We can approximately estimate that M
(1)
ν does not depend on vχ, while heavy neutrino masses do, because they
get main contributions from M3 given in Eq. (23). Furthermore they are nearly degenerate, which implies, mn4 ' mn5 '
13
... ' mn9 ' y(L)χ vχ√2
(
vσ
Λ
)
as indicated by Eqs. (25) and (26). Hence we can see the dependence of LFV branching ratios on the
heavy neutrino masses, which are related to vχ as shown by Eqs. (25), (26) and (23). Besides the two VEVs vφ and vρ that
were fixed in the discussion of the charged lepton sector, we choose vξ = vσ = vφ = λΛ, while the three factors in front of the
matrices M1,2,3 in Eq. (23) can be written in terms of y1,2 as follows
y1vηλ
16 ≡ vηvχvζ
2
√
2Λ2
(vσ
Λ
)11
, y
(L)
1η
vηvξ√
6Λ
(vσ
Λ
)
≡ y2vηλ2, y(L)χ vχ√
2
(vσ
Λ
)
=
y1y2v
2
ηλ
18
mν
, (45)
where y1,2 ∼ O(1). In our numerical analysis we fix Λ ' 96 TeV, and the CP-even neutral Higgs mixing parameters are
set as follows sα = 0, cα = 1. In addition, we consider values for the Z
′ mass satisfying MZ′ > 4 TeV, which correspond
to a SU(3)L × U(1)X symmetry breaking scale fullfilling vχ > 10 TeV, as derived from the approximate formula M2Z′ '
g2c2W v
2
χ/(3 − 4s2W ) [188]. Numerical results for Br(ei → ejγ) and Br(h01 → eiej) depending on y1 and y2 are illustrated in
Table V for vχ = 15 TeV. For vχ around this value, all numerical results are the same hence it is unnecessary to discuss them
here. The product y1y2 is constrained by the perturbative limit of the Yukawa coupling y1y2 ∼ yLχ <
√
4pi ' 3.5, as follows
(y1, y2) mn4 [GeV] Br(µ→ eγ) Br(τ → eγ) Br(τ → µγ) Br(h01 → µ e) Br(h01 → τ e) Br(h01 → τµ)
(0.1, 0.1) 81.4 2.8× 10−13 8.5× 10−14 6.8× 10−13 3.1× 10−18 4.4× 10−13 3.6× 10−12
(0.5, 0.1) 407 4.3× 10−15 1.3× 10−15 1.1× 10−14 9.6× 10−20 1.3× 10−14 1.1× 10−13
(2, 0.1) 1627.8 2.5× 10−17 7.8× 10−18 6.2× 10−17 1.2× 10−19 1.6× 10−14 1.3× 10−13
(5, 0.1) 4069.5 6.8× 10−19 2.1× 10−19 1.7× 10−18 8.3× 10−19 1.2× 10−13 9.5× 10−13
(0.1, 0.5) 4.1× 102 2.7× 10−12 8.2× 10−13 6.6× 10−12 6.1× 10−17 8.5× 10−12 7.0× 10−11
(0.5, 0.5) 2.03× 103 6.6× 10−15 2.0× 10−15 1.6× 10−14 1.2× 10−16 1.6× 10−11 1.4× 10−10
(2, 0.5) 8.14× 103 2.7× 10−17 8.2× 10−18 6.6× 10−17 1.6× 10−15 2.3× 10−10 1.9× 10−9
(0.1, 2) 1.63× 103 4.1× 10−12 1.2× 10−12 9.9× 10−12 1.9× 10−14 2.6× 10−9 2.2× 10−8
(0.5, 2) 8.14× 103 6.9× 10−15 2.1× 10−15 1.7× 10−14 4.1× 10−13 5.8× 10−8 4.8× 10−7
(0.1, 4.5) 3.66× 103 4.2× 10−12 1.3× 10−12 1.0× 10−11 2.8× 10−12 3.9× 10−7 3.2× 10−6
(0.2, 4.5) 7325.4 2.7× 10−13 8.2× 10−14 6.6× 10−13 9.2× 10−12 1.3× 10−6 1.1× 10−5
Table V: Branching ratios for the LFV decays with vχ = 15 TeV. The second column presents the numerical values of the
heavy neutrino masses.
from Eq. (45). Table V shows the numerical values of the Branching ratios for the LFV decays with vχ = 15 TeV and different
values of the Yukawa couplings y1 and y2 and heavy neutrino masses. Notice that a specific value of (y1, y2) in Table V, will
predict a value for the Yukawa coupling yLχ '
√
2mn4/(vχλ) ≤ 3.5, leading to mn4 ≤ 0.557vχ. For vχ = 15 TeV, mn4 ≤ 8.35
TeV.
Based on the numerical results reported in Table V, we can see that Br(µ→ eγ) can reach values close to its recent experimental
bound provided that y1 is small enough. On the other hand, Br(h
0
1 → µτ) can reach O(10−5) values when y2 is large enough,
like for example y2 = 4.5 as shown in Table V. Furthermore, increasing y2 will result in larger values for Br(h
0
1 → µτ). We can
see that the Br(h01 → eiej) is enhanced when the heavy neutrino mass mn4 is increased, which is a generic behavior observed
in inverse seesaw models [204, 205]. Because the experiment data favors lower bounds of y1, and the perturbative limit of y
L
χ
and vχ results in upper bounds of y2, there exist upper bounds, which are order of O(10−5) and O(10−6) for the Branching
ratios of the two decays h01 → µτ, eτ for the numerical values of the free parameters chosen above. The remaining LFV decays
τ → µγ, eγ and h01 → eµ have much smaller Branching ratios than the characteristic sensitivities of current experimental
searches.
VII. CONCLUSIONS
We have constructed a viable economical 3-3-1 model where the tiny masses for the light active neutrinos are produced by the
linear seesaw mechanism. Our model is based on the A4 family symmetry, which is supplemented by other auxiliary symmetries.
The observed pattern of the SM charged fermion masses and fermionic mixing parameters originates from the spontaneous
breaking of the discrete symmetries of the model.
We analyzed the implications of our model in the lepton flavor violating processes. We have shown that the Br(µ → eγ) can
reach values close to the recent upper experimental bounds, thus constraining the values of the two Br(τ → µγ) and Br(τ → eγ)
to be much smaller than their corresponding experimental sensitivities. On the other hand, the model allows Br(h01 → µτ) and
Br(h01 → eτ) to reach the values of about O(10−5) and O(10−6), respectively. We also studied the production of the heavy Z′
gauge boson in proton-proton collisions via the Drell-Yan mechanism. We found that the corresponding total cross section at
the LHC ranges from 85 fb up to 10 fb when the Z′ gauge boson mass is varied within 4− 5 TeV interval. The Z′ production
cross section gets significantly enhanced at the proposed energy upgrade of the LHC with
√
S = 28 TeV reaching the typical
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values of 2.5−0.7 pb. From these results we found that the pp→ Z′ → l+l− resonant production cross section reach the values
of about 1 fb and 10−2 pb at MZ′ = 4 TeV, for
√
S = 13 TeV and
√
S = 28 TeV, respectively.
These two values of the resonant production cross section are below and of the same order of magnitude of the corresponding
lower experimental limit arising from the LHC searches, at
√
S = 13 TeV and
√
S = 28 TeV, respectively.
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Appendix A: The product rules for A4
The A4 group has one three-dimensional 3 and three distinct one-dimensional 1, 1
′ and 1′′ irreducible representations, satisfying
the following product rules:
3⊗ 3 = 3s ⊕ 3a ⊕ 1⊕ 1′ ⊕ 1′′, (A1)
1⊗ 1 = 1, 1′ ⊗ 1′′ = 1, 1′ ⊗ 1′ = 1′′, 1′′ ⊗ 1′′ = 1′,
Considering (x1, x2, x3) and (y1, y2, y3) as the basis vectors for two A4-triplets 3, the following relations are fulfilled:
(3⊗ 3)1 = x1y1 + x2y2 + x3y3, (A2)
(3⊗ 3)3s = (x2y3 + x3y2, x3y1 + x1y3, x1y2 + x2y1) , (3⊗ 3)1′ = x1y1 + ωx2y2 + ω
2x3y3,
(3⊗ 3)3a = (x2y3 − x3y2, x3y1 − x1y3, x1y2 − x2y1) , (3⊗ 3)1′′ = x1y1 + ω
2x2y2 + ωx3y3,
where ω = ei
2pi
3 . The representation 1 is trivial, while the non-trivial 1′ and 1′′ are complex conjugate to each other. Some
reviews of discrete symmetries in particle physics are found in Refs. [222–225]. The discrete symmetry A4 was first implemented
to the 3-3-1 models in the Refs [226] and [11].
Appendix B: Higgs sector
The scalar potential of the model is given by:
VH = µ
2
χχ
†χ+ µ2ηη
†η + µ2σσ
∗σ + µ2ξ(ξ
∗ξ)1 + µ
2
ζ(ζ
∗ζ)1 + µ
2
ρ(ρ
∗ρ)1 + µ
2
ϕ(ϕ
∗ϕ)1 + µ
2
φ(φ
∗φ)1 +
[
µ2φρ(φ
∗ρ)1 + H.c.
]
+ λχ(χ
†χ)2 + λη(η
†η)2 + λσ(σ
∗σ)2 +
∑
Si,Sj
[
(S∗i Si)(S
∗
j Sj)
]
1
+ λχη(χ
†χ)(η†η) + λ′χη(χ
†η)(η†χ) + (σ∗σ)
[
λχσ(χ
†χ) + λησ(η
†η)
]
+
{
[(ρρ)(φ∗φ∗)]1 + [(ξρ)(ϕ
∗ϕ∗)]1 + [(ξφ)(ϕ
∗ϕ∗)]1 + H.c.
}
+ (σ∗σ)
{∑
S
λSσ(S
∗S)1 + [λφρσ(φ
∗ρ)1 + H.c.]
}
+ (χ†χ)
{∑
S
λSχ(S
∗S)1 + [λφρχ(φ
∗ρ)1 + H.c.]
}
+ (η†η)
∑
S
λSη(S
∗S)1 + [λφρη(φ
∗ρ)1 + H.c.]
+
∑
S
{
[(φ∗ρ)(S∗S)]1 + H.c.
}
, (B1)
where S, Si, Sj = ξ, ζ, ρ, ϕ, φ. The expansions of products of the four reps. 3 of the A4 symmetry are defined generally as:
[(xy)(zt)]1 ≡ λxyzt1 (xy)1(zt)1 + λxyzt2 (xy)1′(zt)1′′ + λxyzt3 (xy)1′′(zt)1′ + λxyzt4 [(xy)3s(zt)3s]1
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+ λxyzt5 [(xy)3s(zt)3a]1 + λ
xyzt
6 [(xy)3a(zt)3s]1 + λ
xyzt
7 [(xy)3a(zt)3a]1 . (B2)
For the Higgs sector introduced in this work, the products like [(xz)(yt)]1, [(xt)(yz)]1,... are not included in the Higgs potential
because we can prove that they are alway written in terms of linear combinations of the seven A4 products given in Eq. B2.
Let us note that due to the antisymmetry and symmetry properties of the 3a and 3s triplet components in the products (ξξ)
and (ζζ), we obtain (3s3a)1 + H.c. = 0. Hence many terms having this invariance does not appear in the Higgs potential.
Therefore, particular cases are written as[
(S∗S)2
]
1
≡ λS1 (S∗S)1(S∗S)1 + λS2 (S∗S)1′(S∗S)1′′ + λS4 [(S∗S)3s(S∗S)3s ]1 + λS7 [(S∗S)3a(S∗S)3a ]1 ,[
S∗i SiS
∗
j Sj
]
1
≡ λSiSj1 (S∗i Si)1(S∗j Sj)1 +
[
λ
SiSj
2 (S
∗
i Si)1′(S
∗
j Sj)1′′ + H.c.
]
+ λ
SiSj
4 (S
∗
i Si)3s(S
∗
j Sj)3s
+ λ
SiSj
7 (S
∗
i Si)3a(S
∗
j Sj)3a , Si 6= Sj ,
[(ξξ)(ϕ∗ϕ∗)]1 = λ
′ξϕ
1 (ξξ)1(ϕ
∗ϕ∗)1 + λ
′ξϕ
2 (ξξ)1′(ϕ
∗ϕ∗)1′′ + λ
′ξϕ
3 (ξξ)1′′(ϕ
∗ϕ∗)1′ + λ
′ξϕ
4 [(ξξ)3s(ϕ
∗ϕ∗)3s]1 ,
[(ρρ)(φ∗φ∗)]1 = λ
′ρφ
1 (ρρ)1(φ
∗φ∗)1 + λ
′ρφ
2 (ρρ)1′(φ
∗φ∗)1′′ + λ
′ρφ
3 (ρρ)1′′(φ
∗φ∗)1′ + λ
′ρφ
4 [(ρρ)3s(φ
∗φ∗)3s]1 ,
[(ξϕ∗)(ρφ∗)]1 = λ
ξϕρφ∗
1 (ξϕ
∗)1(ρφ
∗)1 + λ
ξϕρφ∗
2 (ξϕ
∗)1′(ρφ
∗)1′′ + λ
ξϕρφ∗
3 (ξϕ
∗)1′′(ρφ
∗)1′ + λ
ξϕρφ∗
4 [(ξϕ
∗)3s(ρφ
∗)3s]1
+ λξϕρφ
∗
5 [(ξϕ
∗)3s(ρφ
∗)3a]1 + λ
ξϕρφ∗
6 [(ξϕ
∗)3a(ρφ
∗)3s]1 + λ
ξϕρφ∗
7 [(ξϕ
∗)3a(ρφ
∗)3a]1 ,
[(ξϕ∗)(ρ∗φ)]1 = λ
ξϕρ∗φ
1 (ξϕ
∗)1(ρ
∗φ)1 + λ
ξϕρ∗φ
2 (ξϕ
∗)1′(ρ
∗φ)1′′ + λ
ξϕρ∗φ
3 (ξϕ
∗)1′′(ρ
∗φ)1′ + λ
ξϕρ∗φ
4 [(ξϕ
∗)3s(ρ
∗φ)3s]1
+ λξϕρ
∗φ
5 [(ξϕ
∗)3s(ρ
∗φ)3a]1 + λ
ξϕρ∗φ
6 [(ξϕ
∗)3a(ρ
∗φ)3s]1 + λ
ξϕρ∗φ
7 [(ξϕ
∗)3a(ρ
∗φ)3a]1 . (B3)
The Higgs potential above has a rather large number of Higgs self-couplings. The VEVs chosen in Eq. (8) must satisfy all the
minimal conditions of the Higgs potential, namely
∂ VH
∂ S0
∣∣∣∣
S0=〈S0〉,∀S0
= 0. (B4)
The model contains 20 neutral scalar components, where three of them have zero vevs. This leads to 20 minimal Eqs. relate vevs
and the parameters in the Higgs potential. We find two equations corresponding to χ01 and ρ
0
3 automatically satisfy. In general,
the remaining 18 Eqs. imply that there are 18 parameters can be written as functions of other independent one, without any
inconsistencies happening among these relations. In addition, to generate fermions masses being consistent with experiments,
VEV parterns of the A4 scalar triplets of the model have been introduced in (11), where some of them are complex and new
relations between VEVs are assumed. We will show that there is a simple form of Higgs potential that produces consistent
VEVs in this work. In particular, we will work in the decoupling limit, where all quartic couplings of terms consisting of
different Higgs triplets vanish, except the two SU(3)L triplets. This avoid lengthy, confused and unnecessary terms. After that,
we will give comment for more general cases. The minimal conditions of the Higgs potential reduce to the following relations
S0 = χ03 → µ2χ = −
λχηv
2
η
2
− λχvχ2,
S0 = η01 → µ2η = −
λχηv
2
χ
2
− ληvη2,
S0 = σ0 → µ2σ = λσ
(−v2σ) ,
S0 = ξ01, ξ
0
2, ξ
0
3 → µ2ξ = −
2
3
vξ
2(3λξ1 + 4λ
ξ
4),
S0 = ζ01, ζ
0
3 → µ2ζ = −v2ζ(2λζ1 + λζ3 + 2λζ4),
λζ2 = λ
ζ
3,
S0 = ρ01, ρ
0
2 → µ2ρ = −
2
3
v2ρ(3λ
ρ
1 + 4λ
ρ
4),
µ∗2φρ = 0, (B5)
for neutral scalars with real VEVs.
Next, we consider the two A4 triplets φ and ϕ containing different complex vevs given in Eq. (8). There are three different
minimal equations for φ,
S0 = φ01 → 0 =
3vρx1µ
2
φρ
2v3φ
+
3x21µ
2
φ
2v2φ
+ λφ1
(
x21 + x
2
2 + x3
2)+ λφ2 (2x21 − x22 − x32)+ 4x21λφ4 ,
S0 = φ02 → 0 =
3vρx2µ
2
φρ
2v3φ
+
3x22µ
2
φ
2v2φ
+ λφ1
(
x1
2 + x2
2 + x3
2)+ λφ2 (−x21 + 2x22 − x23)+ 4x22λφ4 ,
S0 = φ03 → 0 =
3vρx3µ
2
φρ
2v3φ
+
3x23µ
2
φ
2v2φ
+ λφ1
(
x21 + x
2
2 + x
2
3
)
+ λφ2
(−x21 − x22 + 2x32)+ 4x23λφ4 , (B6)
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where x1 = cα + e
iψsα, x2 = w
(
cα + we
iψsα
)
, and x3 = w
2
(
cα + w
2eiψsα
)
that satisfies x1 + x2 + x3 = 0. Note that the
parameter µφρ still appears because all squared terms in the Higgs potential are kept. Summing over three right handed sides of
three Eqs. in (B6), we will find the simple form of µ2φ as a function of the remaining parameters. Using two other independent
Eqs., we have
µ2φ = −
2
3
v2φ(3λ
φ
1 + 4λ
φ
4 ),
λφ2 = λ
φ
1 −
3vρx1µ
2
φρ
2v3φ (2x
2
1 − x22 − x23)
,
µ2φρ = 0. (B7)
In the same way, the minimal conditions relating to ϕ leading to the following equations
µ2ϕ = −
2
3
v2ϕ(3λ
ϕ
1 + 4λ
ϕ
4 ),
λϕ2 = λ
ϕ
1 . (B8)
In conclusion, in the decoupling limit, we have found consistent solutions that the minimal conditions of the Higgs potential are
equivalent to dependent parameters of the model that can be written as functions of the other without any consistencies with
the VEV pattern introduced in this work. If more terms with new couplings added into the decoupling case, these couplings
are independent parameters and appear in the right hand sides of Eqs. given in (B5), (B7), and (B8), hence do not give any
inconsistencies for the VEV pattern.
To identify the SM-like Higgs boson in this model to the one found experimentally, it is enough to consider the model in the
decoupling limit of the SU(3)L triplets with the remaining ones.
The neutral CP-even components of the Higgs bosons always contain only one massless state absorbed by the gauge boson
X0. This state is one of the linear combinations of the two real components R(χ01) and R(η
0
3), which have zero vevs. More
precisely, the model contains two Goldstone bosons GX , G
∗
X ; a neutral CP-odd Higgs boson ha, and a mass eigenstate h
0
3.
Namely, defining
tθ = tan θ =
vη
vχ
,
we have the following relations between the original and the mass eigenstates of the neutral Higgs bosons(
Rχ1
Rη3
)
=
(
cθ sθ
−sθ cθ
)(
GX
h03
)
,
(
Iχ1
Iη3
)
=
(
cθ sθ
−sθ cθ
)(
G∗X
ha
)
,
mGX = mG∗X = 0, m
2
h03
= m2ha =
1
2
λ′ηχ(v
2
η + v
2
χ). (B9)
The Rζ2 is one mass eigenstate with mass m
2
Rζ2
= 2
9
(−3λ)v2ζ .
The remaining CP-even components of the neutral Higgs boson consist of 8 states ξχ =
√
2Rχ03
, ξη =
√
2Rη01
, Rσ, Rξi
(i = 1, 2, 3), Rζ1 , and Rζ3 . The squared mass matrix of these states is the 8 × 8 matrix denoted as M2h. This matrix has
non-zero determination which mean that all neutral CP-even Higgs bosons are massive. In addition, Det[M2h]vη=0 = 0 implies
that there is at least one Higgs bosons with mass at the electroweak scale.
To illustrate that there is one Higgs that can be identified with the SM-like Higgs boson found by LHC, we consider the simple
case where the SU(3)L triplets χ and η decouple with the remaining, namely ληS = λχS = 0 with all S = σ, ξi, ηi. Then, the
matrix M2h divide into two block-diagonal matrices. The first matrix corresponds to the basis (ξη, ξχ) is
M2h1 =
(
2ληv
2
η ληχvχvη
ληχvχvη 2λχv
2
χ
)
. (B10)
The mass eigenstates are denoted as h01 and h
0
2, which their masses are
m2h01,2
= λχv
2
χ + ληv
2
η ∓
√(
λχv2χ − ληv2η
)2
+ λ2ηχv2χv2η,(
ξη
ξχ
)
=
(
cα sα
−sα cα
)(
h01
h02
)
, t2α ≡ tan(2α) = ληχtθ
λχ − ληt2θ
. (B11)
These two neutral Higgs bosons have some properties similarly to those discussed in the model introduced in [41]. In the limit
tθ  1, it can be probed that m2h01 '
(
2λη − λ
2
ηχ
λχ
)
v2η, which has electroweak scale. It can be identified with the SM-like Higgs
boson found by the LHC. This simple case will be used in our discussion on the LFV Higgs decay h01 → µτ .
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Appendix C: Analytic formulas of LFVHD at the one loop level
One-loop contributions to LFVHD defined in Eq. (44) are written in terms of Passarino-Veltman (PV) functions [227]. In
this work, they are denoted as B
(i)
0,1, B
(12)
0 , C0 and C1,2. In the limit mi,j ' 0, their analytic formulas were given in Refs.
[32, 205, 228]. These functions are used for our numerical investigation. They were checked numerically to be well consistent
with the exact results computed by LoopTools [229], as concerned in Ref. [230].
The analytic expressions of ∆
(i)W
L,R ≡ ∆(i)W(ij)L,R given in Eq. (44), where i implies the diagram (i) in Fig. 3, are
∆
(1)W
L = −
g3cαmj
64pi2m3W
9∑
k=1
3∑
a,b=1
(Uν)ak(U
∗
ν )bk(U`L)ja(U
∗
`L)ib
×
{
m2nk
(
B
(1)
1 −B(1)0 −B(2)0
)
−m2iB(2)1 +
(
2m2W +m
2
h01
)
m2nkC0
−
[
2m2W
(
2m2W +m
2
nk +m
2
j −m2i
)
+m2nkm
2
h01
]
C1 +
[
2m2W
(
m2j −m2h01
)
+m2im
2
h01
]
C2
}
,
∆
(1)W
R = −
g3cαmi
64pi2m3W
9∑
k=1
3∑
a,b=1
(Uν)ak(U
∗
ν )bk(U`L)ja(U
∗
`L)ib
×
{
−m2nk
(
B
(2)
1 +B
(1)
0 +B
(2)
0
)
+m2jB
(1)
1 +
(
2m2W +m
2
h01
)
m2nkC0
−
[
2m2W
(
m2i −m2h
)
+m2jm
2
h01
]
C1 +
[
2m2W
(
2m2W +m
2
nk −m2j +m2i
)
+m2nkm
2
h01
]
C2
}
,
∆
(2)W
L = −
g3cαmj
64pi2m3W
9∑
k,p=1
3∑
a,b=1
(Uν)ak(U
∗
ν )bp(U`L)ja(U
∗
`L)ib
×
{
λ0∗kpmnp
[
B
(12)
0 −m2WC0 +
(
2m2W +m
2
nk −m2j
)
C1
]
+λ0kpmnk
[
B
(1)
1 +
(
2m2W +m
2
np −m2i
)
C1
]}
,
∆
(2)W
R = −
g3cαmi
64pi2m3W
9∑
k,p=1
3∑
a,b=1
(Uν)ak(U
∗
ν )bp(U`L)ja(U
∗
`L)ib
×
{
λkpmnk
[
B
(12)
0 −m2WC0 −
(
2m2W +m
2
np −m2i
)
C2
]
− λ0∗kpmnp
[
B
(2)
1 +
(
2m2W +m
2
nk −m2j
)
C2
]}
,
∆
(3+4)W
L = −
g3mjm
2
i (cα + sαtθ)
64pi2m3W (m
2
j −m2i )
9∑
k=1
3∑
a,b=1
(Uν)ak(U
∗
ν )bk(U`L)ja(U
∗
`L)ib
×
[
2m2nk
(
B
(1)
0 −B(2)0
)
− (2m2W +m2nk) (B(1)1 +B(2)1 )−m2jB(1)1 −m2iB(1)2 ] ,
∆
(3+4)W
R =
mj
mi
∆
(3+4)W
L
∆
(1)Y
L = −
g3sαmj
64pi2m3Y
9∑
k=1
3∑
a,b=1
(Uν)(a+3)k(U
∗
ν )(b+3)k(U`L)ja(U
∗
`L)ib
×
{
m2nk
(
B
(1)
1 −B(1)0 −B(2)0
)
−m2iB(2)1 +
(
2m2Y +m
2
h01
)
m2nkC0
−
[
2m2Y
(
2m2Y +m
2
nk +m
2
j −m2i
)
+m2nkm
2
h01
]
C1 +
[
2m2Y
(
m2j −m2h01
)
+m2im
2
h01
]
C2
}
,
∆
(1)Y
R = −
g3cαmi
64pi2m3Y
9∑
k=1
3∑
a,b=1
(Uν)(a+3)k(U
∗
ν )(b+3)k(U`L)ja(U
∗
`L)ib
×
{
−m2nk
(
B
(2)
1 +B
(1)
0 +B
(2)
0
)
+m2jB
(1)
1 +
(
2m2Y +m
2
h01
)
m2nkC0
−
[
2m2Y
(
m2i −m2h
)
+m2jm
2
h01
]
C1 +
[
2m2Y
(
2m2Y +m
2
nk −m2j +m2i
)
+m2nkm
2
h01
]
C2
}
,
∆
(2)Y
L = −
g3cαmj
64pi2m3Y
9∑
k,p=1
3∑
a,b=1
(Uν)(a+3)k(U
∗
ν )(b+3)p(U`L)ja(U
∗
`L)ib
×
{
λ0∗kpmnp
[
B
(12)
0 −m2Y C0 +
(
2m2Y +m
2
nk −m2j
)
C1
]
18
+λ0kpmnk
[
B
(1)
1 +
(
2m2Y +m
2
np −m2b
)
C1
]}
,
∆
(2)Y
R = −
g3cαmi
64pi2m3Y
9∑
k,p=1
3∑
a,b=1
(Uν)(a+3)k(U
∗
ν )(b+3)p(U`L)ja(U
∗
`L)ib
×
{
λ0kpmnk
[
B
(12)
0 −m2Y C0 −
(
2m2Y +m
2
np −m2i
)
C2
]
− λ0∗kpmnp
[
B
(2)
1 +
(
2m2Y +m
2
nk −m2j
)
C2
]}
,
∆
(3+4)Y
L = −
g3mjm
2
i (cα + sαtθ)
64pi2m3Y (m
2
j −m2i )
9∑
k=1
3∑
a,b=1
(Uν)(a+3)k(U
∗
ν )(b+3)k(U`L)ja(U
∗
`L)ib
×
[
2m2nk
(
B
(1)
0 −B(2)0
)
− (2m2Y +m2nk) (B(1)1 +B(2)1 )−m2jB(1)1 −m2iB(1)2 ] ,
∆
(3+4)Y
R =
mj
mi
∆
(3+4)Y
L . (C1)
Appendix D: Couplings revised and one-loop fermion contributions to the ρ parameter
The interactions between fermions and neutral gauge bosons are determined as
Lngaugefermion = gfγµPNCµ f , (D1)
where f denotes all fermions in the model under consideration. Ones get
• Electromagnetic interaction as usually: Lem = efγµQfAµ .
• Interaction between Z with fermion
LZf = g
cW
fγµ
[
cφ
(
T3 − s2WQ
)− sφ(√3− 4s2W√
3
T8 +
s2W√
3− 4s2W
X
)]
fZµ
≡ g
cW
fL,Rγ
µgL,RfL,RZµ , (D2)
where φ is the Z − Z′ mixing angle given in Ref [188], sφ ≡ sinφ, cφ ≡ cosφ,
tanφ ' sφ ' (1− 2s
2
W )
√
3− 4s2W
4c4W
(
v2η
v2χ
)
, M2Z′ ' g
2c2W
4(3− 4s2W )
[
4v2χ +
v2η(1− 2s2W )2
c4W
]
. (D3)
The couplings of the Z gauge boson with fermion are presented in Table VI, ignoring mixing of SM and exotic quarks.
Table VI: Couplings between Z boson and fermions
.
gL gR
νi
cφ
2
+
sφ(−1+2s2W )
2
√
3−4s2
W
sφc
2
W√
1−4s2
W
ei cφ
(− 1
2
+ s2W
)
+
sφ(−1+2s2W )
2
√
3−4s2
W
cφs
2
W + sφ
s2W√
3−4s2
W
Un
cφ
6
(3− 4s2W ) + sφ
√
3−4s2
W
6
− 2
3
cφs
2
W − 2sφs
2
W
3
√
3−4s2
W
Dn
cφ
6
(−3 + 2s2W ) + sφ
√
3−4s2
W
6
1
3
cφs
2
W +
sφs
2
W
3
√
3−4s2
W
U3
cφ
6
(3− 4s2W ) + sφ(−3+2s
2
W )
6
√
3−4s2
W
− 2
3
cφs
2
W − sφ 2s
2
W
3
√
3−4s2
W
D3
cφ
6
(−3 + 2s2W ) + sφ(−3+2s
2
W )
6
√
3−4s2
W
1
3
cφs
2
W + sφ
s2W
3
√
3−4s2
W
T − 2
3
cφs
2
W − sφ(−3+5s
2
W )
3
√
3−4s2
W
− 2
3
cφs
2
W − sφ 2s
2
W
3
√
3−4s2
W
Jn
1
3
cφs
2
W − sφ
√
3−4s2
W
3
1
3
cφs
2
W + sφ
s2W
3
√
3−4s2
W
It can be seen that sφ → 0 when m2Z/M2Z′ → 0, leading to the consequence that gL ' gR for the exotic quarks T, J1,2,
as given in table VI. Note that in the limit φ → 0, the couplings of Z to the SM fermions are the same as those of the
SM Z boson.
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• Interaction between Z′ with fermion
LZ′f = g
cW
fγµ
[
cφ
(√
3− 4s2W√
3
T8 +
s2W√
3− 4s2W
X
)
+ sφ
(
T3 − s2WQ
)]
fZ′µ
≡ g
cW
fL,Rγ
µg′L,RfL,RZ
′
µ, (D4)
It is worth noting that couplings of Z and Z′ are related each other by replace cφ ↔ sφ.
The couplings of the Z′ gauge boson with fermion (by replacing cφ → sφ and sφ → −cφ) are presented in Table VII .
Table VII: Couplings between Z′ boson and fermions
g′L g
′
R
νi
sφ
2
+
cφ(−1+2s2W )
2
√
3−4s2
W
− cφc2W√
1−4s2
W
ei sφ
(− 1
2
+ s2W
)− cφ(−1+2s2W )
2
√
3−4s2
W
sφs
2
W − cφ s
2
W√
3−4s2
W
Un
sφ
6
(3− 4s2W )− cφ
√
3−4s2
W
6
− 2
3
sφs
2
W +
2cφs
2
W
3
√
3−4s2
W
Dn
sφ
6
(−3 + 2s2W )− cφ
√
3−4s2
W
6
1
3
sφs
2
W − cφs
2
W
3
√
3−4s2
W
U3
sφ
6
(3− 4s2W )− cφ(−3+2s
2
W )
6
√
3−4s2
W
− 2
3
sφs
2
W + cφ
2s2W
3
√
3−4s2
W
D3
sφ
6
(−3 + 2s2W )− cφ(−3+2s
2
W )
6
√
3−4s2
W
1
3
sφs
2
W − cφ s
2
W
3
√
3−4s2
W
T − 2
3
sφs
2
W − cφ(3−5s
2
W )
3
√
3−4s2
W
− 2
3
sφs
2
W + cφ
2s2W
3
√
3−4s2
W
Jn
1
3
sφs
2
W + cφ
√
3−4s2
W
3
1
3
sφs
2
W − cφ s
2
W
3
√
3−4s2
W
Note that in both Tables, in dealing with neutrino we have used νcL ∼ νR.
For practical uses, we present neutral currents in the vector and axial forms as follows
LZf = g
2cW
fγµ(gV − γ5gA)fZµ , (D5)
LZ′f = g
2cW
fγµ(g′V − γ5g′A)fZ′µ , (D6)
where the relation among two kinds of couplings is given by
gV = gL + gR , gA = gL − gR . (D7)
20
[1] H. Georgi and A. Pais, Phys. Rev. D 19, 2746 (1979). doi:10.1103/PhysRevD.19.2746
[2] J. W. F. Valle and M. Singer, Phys. Rev. D 28, 540 (1983). doi:10.1103/PhysRevD.28.540
[3] F. Pisano and V. Pleitez, Phys. Rev. D 46, 410 (1992) doi:10.1103/PhysRevD.46.410 [hep-ph/9206242].
[4] R. Foot, O. F. Hernandez, F. Pisano and V. Pleitez, Phys. Rev. D 47, 4158 (1993) doi:10.1103/PhysRevD.47.4158
[hep-ph/9207264].
[5] P. H. Frampton, Phys. Rev. Lett. 69, 2889 (1992). doi:10.1103/PhysRevLett.69.2889
[6] H. N. Long, Phys. Rev. D 54, 4691 (1996) doi:10.1103/PhysRevD.54.4691 [hep-ph/9607439].
[7] H. N. Long, Phys. Rev. D 53, 437 (1996) doi:10.1103/PhysRevD.53.437 [hep-ph/9504274].
[8] R. Foot, H. N. Long and T. A. Tran, Phys. Rev. D 50, no. 1, R34 (1994) doi:10.1103/PhysRevD.50.R34 [hep-ph/9402243].
[9] A. E. Carcamo Hernandez, R. Martinez and F. Ochoa, Phys. Rev. D 73, 035007 (2006) doi:10.1103/PhysRevD.73.035007
[hep-ph/0510421].
[10] P. V. Dong, H. N. Long, D. V. Soa and V. V. Vien, Eur. Phys. J. C 71, 1544 (2011) doi:10.1140/epjc/s10052-011-1544-2
[arXiv:1009.2328 [hep-ph]].
[11] P. V. Dong, L. T. Hue, H. N. Long and D. V. Soa, Phys. Rev. D 81, 053004 (2010) doi:10.1103/PhysRevD.81.053004
[arXiv:1001.4625 [hep-ph]].
[12] P. V. Dong, H. N. Long, C. H. Nam and V. V. Vien, Phys. Rev. D 85, 053001 (2012) doi:10.1103/PhysRevD.85.053001
[arXiv:1111.6360 [hep-ph]].
[13] R. H. Benavides, W. A. Ponce and Y. Giraldo, Phys. Rev. D 82, 013004 (2010) doi:10.1103/PhysRevD.82.013004
[arXiv:1006.3248 [hep-ph]].
[14] P. V. Dong, H. N. Long and H. T. Hung, Phys. Rev. D 86, 033002 (2012) doi:10.1103/PhysRevD.86.033002
[arXiv:1205.5648 [hep-ph]].
[15] D. T. Huong, L. T. Hue, M. C. Rodriguez and H. N. Long, Nucl. Phys. B 870, 293 (2013)
doi:10.1016/j.nuclphysb.2013.01.016 [arXiv:1210.6776 [hep-ph]].
[16] P. T. Giang, L. T. Hue, D. T. Huong and H. N. Long, Nucl. Phys. B 864, 85 (2012) doi:10.1016/j.nuclphysb.2012.06.008
[arXiv:1204.2902 [hep-ph]].
[17] D. T. Binh, L. T. Hue, D. T. Huong and H. N. Long, Eur. Phys. J. C 74, no. 5, 2851 (2014) doi:10.1140/epjc/s10052-
014-2851-1 [arXiv:1308.3085 [hep-ph]].
[18] A. E. Carcamo Hernandez, R. Martinez and F. Ochoa, Phys. Rev. D 87, no. 7, 075009 (2013)
doi:10.1103/PhysRevD.87.075009 [arXiv:1302.1757 [hep-ph]].
[19] A. E. Ca´rcamo Herna´ndez, R. Martinez and F. Ochoa, Eur. Phys. J. C 76, no. 11, 634 (2016) doi:10.1140/epjc/s10052-
016-4480-3 [arXiv:1309.6567 [hep-ph]].
[20] A. E. Ca´rcamo Herna´ndez, R. Martinez and J. Nisperuza, Eur. Phys. J. C 75, no. 2, 72 (2015) doi:10.1140/epjc/s10052-
015-3278-z [arXiv:1401.0937 [hep-ph]].
[21] A. E. Ca´rcamo Herna´ndez, E. Catan˜o Mur and R. Martinez, Phys. Rev. D 90, no. 7, 073001 (2014)
doi:10.1103/PhysRevD.90.073001 [arXiv:1407.5217 [hep-ph]].
[22] C. Kelso, H. N. Long, R. Martinez and F. S. Queiroz, Phys. Rev. D 90, no. 11, 113011 (2014)
doi:10.1103/PhysRevD.90.113011 [arXiv:1408.6203 [hep-ph]].
[23] V. V. Vien and H. N. Long, JHEP 1404, 133 (2014) doi:10.1007/JHEP04(2014)133 [arXiv:1402.1256 [hep-ph]].
[24] V. Q. Phong, H. N. Long, V. T. Van and L. H. Minh, Eur. Phys. J. C 75, no. 7, 342 (2015) doi:10.1140/epjc/s10052-015-
3550-2 [arXiv:1409.0750 [hep-ph]].
[25] V. Q. Phong, H. N. Long, V. T. Van and N. C. Thanh, Phys. Rev. D 90, no. 8, 085019 (2014)
doi:10.1103/PhysRevD.90.085019 [arXiv:1408.5657 [hep-ph]].
[26] S. M. Boucenna, S. Morisi and J. W. F. Valle, Phys. Rev. D 90, no. 1, 013005 (2014) doi:10.1103/PhysRevD.90.013005
[arXiv:1405.2332 [hep-ph]].
[27] G. De Conto, A. C. B. Machado and V. Pleitez, Phys. Rev. D 92, no. 7, 075031 (2015) doi:10.1103/PhysRevD.92.075031
[arXiv:1505.01343 [hep-ph]].
[28] S. M. Boucenna, J. W. F. Valle and A. Vicente, Phys. Rev. D 92, no. 5, 053001 (2015) doi:10.1103/PhysRevD.92.053001
[arXiv:1502.07546 [hep-ph]].
[29] S. M. Boucenna, S. Morisi and A. Vicente, Phys. Rev. D 93, no. 11, 115008 (2016) doi:10.1103/PhysRevD.93.115008
[arXiv:1512.06878 [hep-ph]].
[30] R. H. Benavides, L. N. Epele, H. Fanchiotti, C. G. Canal and W. A. Ponce, Adv. High Energy Phys. 2015, 813129 (2015)
doi:10.1155/2015/813129 [arXiv:1503.01686 [hep-ph]].
[31] A. E. Ca´rcamo Herna´ndez and R. Martinez, Nucl. Phys. B 905, 337 (2016) doi:10.1016/j.nuclphysb.2016.02.025
[arXiv:1501.05937 [hep-ph]].
[32] L. T. Hue, H. N. Long, T. T. Thuc and T. Phong Nguyen, Nucl. Phys. B 907, 37 (2016)
doi:10.1016/j.nuclphysb.2016.03.034 [arXiv:1512.03266 [hep-ph]].
[33] A. E. C. Herna´ndez and I. Niˇsandzˇic´, Eur. Phys. J. C 76, no. 7, 380 (2016) doi:10.1140/epjc/s10052-016-4230-6
[arXiv:1512.07165 [hep-ph]].
[34] R. M. Fonseca and M. Hirsch, JHEP 1608, 003 (2016) doi:10.1007/JHEP08(2016)003 [arXiv:1606.01109 [hep-ph]].
[35] R. M. Fonseca and M. Hirsch, Phys. Rev. D 94, no. 11, 115003 (2016) doi:10.1103/PhysRevD.94.115003 [arXiv:1607.06328
21
[hep-ph]].
[36] F. F. Deppisch, C. Hati, S. Patra, U. Sarkar and J. W. F. Valle, Phys. Lett. B 762, 432 (2016)
doi:10.1016/j.physletb.2016.10.002 [arXiv:1608.05334 [hep-ph]].
[37] M. Reig, J. W. F. Valle and C. A. Vaquera-Araujo, Phys. Rev. D 94, no. 3, 033012 (2016) doi:10.1103/PhysRevD.94.033012
[arXiv:1606.08499 [hep-ph]].
[38] A. E. Ca´rcamo Herna´ndez, S. Kovalenko, H. N. Long and I. Schmidt, JHEP 1807, 144 (2018)
doi:10.1007/JHEP07(2018)144 [arXiv:1705.09169 [hep-ph]].
[39] A. E. Ca´rcamo Herna´ndez and H. N. Long, J. Phys. G 45, no. 4, 045001 (2018) doi:10.1088/1361-6471/aaace7
[arXiv:1705.05246 [hep-ph]].
[40] C. Hati, S. Patra, M. Reig, J. W. F. Valle and C. A. Vaquera-Araujo, Phys. Rev. D 96, no. 1, 015004 (2017)
doi:10.1103/PhysRevD.96.015004 [arXiv:1703.09647 [hep-ph]].
[41] E. R. Barreto, A. G. Dias, J. Leite, C. C. Nishi, R. L. N. Oliveira and W. C. Vieira, Phys. Rev. D 97, no. 5, 055047
(2018) doi:10.1103/PhysRevD.97.055047 [arXiv:1709.09946 [hep-ph]].
[42] A. E. Ca´rcamo Herna´ndez, H. N. Long and V. V. Vien, Eur. Phys. J. C 78, no. 10, 804 (2018) doi:10.1140/epjc/s10052-
018-6284-0 [arXiv:1803.01636 [hep-ph]].
[43] V. V. Vien, H. N. Long and A. E. Ca´rcamo Herna´ndez, Mod. Phys. Lett. A 34, no. 01, 1950005 (2019)
doi:10.1142/S0217732319500056 [arXiv:1812.07263 [hep-ph]].
[44] A. G. Dias, J. Leite, D. D. Lopes and C. C. Nishi, Phys. Rev. D 98, no. 11, 115017 (2018) doi:10.1103/PhysRevD.98.115017
[arXiv:1810.01893 [hep-ph]].
[45] M. M. Ferreira, T. B. de Melo, S. Kovalenko, P. R. D. Pinheiro and F. S. Queiroz, Eur. Phys. J. C 79, no. 11, 955 (2019)
doi:10.1140/epjc/s10052-019-7422-z [arXiv:1903.07634 [hep-ph]].
[46] D. T. Huong, D. N. Dinh, L. D. Thien and P. Van Dong, JHEP 1908, 051 (2019) doi:10.1007/JHEP08(2019)051
[arXiv:1906.05240 [hep-ph]].
[47] A. E. Ca´rcamo Herna´ndez, Y. Hidalgo Vela´squez and N. A. Pe´rez-Julve, Eur. Phys. J. C 79, no. 10, 828 (2019)
doi:10.1140/epjc/s10052-019-7325-z [arXiv:1905.02323 [hep-ph]].
[48] A. E. Ca´rcamo Herna´ndez, N. A. Pe´rez-Julve and Y. Hidalgo Vela´squez, Phys. Rev. D 100, no. 9, 095025 (2019)
doi:10.1103/PhysRevD.100.095025 [arXiv:1907.13083 [hep-ph]].
[49] A. E. Ca´rcamo Herna´ndez, D. T. Huong and H. N. Long, arXiv:1910.12877 [hep-ph].
[50] C. A. de Sousa Pires and O. P. Ravinez, Phys. Rev. D 58, 035008 (1998) [Phys. Rev. D 58, 35008 (1998)]
doi:10.1103/PhysRevD.58.035008 [hep-ph/9803409].
[51] P. V. Dong and H. N. Long, Int. J. Mod. Phys. A 21, 6677 (2006) doi:10.1142/S0217751X06035191 [hep-ph/0507155].
[52] W. A. Ponce, Y. Giraldo and L. A. Sanchez, Phys. Rev. D 67, 075001 (2003) doi:10.1103/PhysRevD.67.075001 [hep-
ph/0210026].
[53] P. V. Dong, H. N. Long, D. T. Nhung and D. V. Soa, Phys. Rev. D 73, 035004 (2006) doi:10.1103/PhysRevD.73.035004
[hep-ph/0601046].
[54] P. V. Dong, D. T. Huong, T. T. Huong and H. N. Long, Phys. Rev. D 74, 053003 (2006) doi:10.1103/PhysRevD.74.053003
[hep-ph/0607291].
[55] P. V. Dong and H. N. Long, Adv. High Energy Phys. 2008, 739492 (2008) doi:10.1155/2008/739492 [arXiv:0804.3239
[hep-ph]].
[56] J. G. Ferreira, Jr, P. R. D. Pinheiro, C. A. d. S. Pires and P. S. R. da Silva, Phys. Rev. D 84, 095019 (2011)
doi:10.1103/PhysRevD.84.095019 [arXiv:1109.0031 [hep-ph]].
[57] P. V. Dong, D. Q. Phong, D. V. Soa and N. C. Thao, Eur. Phys. J. C 78, no. 8, 653 (2018) doi:10.1140/epjc/s10052-018-
6110-8 [arXiv:1706.06152 [hep-ph]].
[58] E. Ma and G. Rajasekaran, Phys. Rev. D 64, 113012 (2001) doi:10.1103/PhysRevD.64.113012 [hep-ph/0106291].
[59] X. G. He, Y. Y. Keum and R. R. Volkas, JHEP 0604, 039 (2006) doi:10.1088/1126-6708/2006/04/039 [hep-ph/0601001].
[60] F. Feruglio, C. Hagedorn, Y. Lin and L. Merlo, Nucl. Phys. B 809, 218 (2009) doi:10.1016/j.nuclphysb.2008.10.002
[arXiv:0807.3160 [hep-ph]].
[61] F. Feruglio, C. Hagedorn, Y. Lin and L. Merlo, Nucl. Phys. B 832, 251 (2010) doi:10.1016/j.nuclphysb.2010.02.010
[arXiv:0911.3874 [hep-ph]].
[62] M. C. Chen and S. F. King, JHEP 0906, 072 (2009) doi:10.1088/1126-6708/2009/06/072 [arXiv:0903.0125 [hep-ph]].
[63] I. de Medeiros Varzielas and L. Merlo, JHEP 1102, 062 (2011) doi:10.1007/JHEP02(2011)062 [arXiv:1011.6662 [hep-ph]].
[64] G. Altarelli, F. Feruglio, L. Merlo and E. Stamou, JHEP 1208, 021 (2012) doi:10.1007/JHEP08(2012)021 [arXiv:1205.4670
[hep-ph]].
[65] Y. H. Ahn and S. K. Kang, Phys. Rev. D 86, 093003 (2012) doi:10.1103/PhysRevD.86.093003 [arXiv:1203.4185 [hep-ph]].
[66] N. Memenga, W. Rodejohann and H. Zhang, Phys. Rev. D 87, no. 5, 053021 (2013) doi:10.1103/PhysRevD.87.053021
[arXiv:1301.2963 [hep-ph]].
[67] R. Gonzalez Felipe, H. Serodio and J. P. Silva, Phys. Rev. D 88, no. 1, 015015 (2013) doi:10.1103/PhysRevD.88.015015
[arXiv:1304.3468 [hep-ph]].
[68] I. de Medeiros Varzielas and D. Pidt, JHEP 1303, 065 (2013) doi:10.1007/JHEP03(2013)065 [arXiv:1211.5370 [hep-ph]].
[69] H. Ishimori and E. Ma, Phys. Rev. D 86, 045030 (2012) doi:10.1103/PhysRevD.86.045030 [arXiv:1205.0075 [hep-ph]].
[70] S. F. King, S. Morisi, E. Peinado and J. W. F. Valle, Phys. Lett. B 724, 68 (2013) doi:10.1016/j.physletb.2013.05.067
[arXiv:1301.7065 [hep-ph]].
[71] A. E. Carcamo Hernandez, I. de Medeiros Varzielas, S. G. Kovalenko, H. Pa¨s and I. Schmidt, Phys. Rev. D 88, no. 7,
076014 (2013) doi:10.1103/PhysRevD.88.076014 [arXiv:1307.6499 [hep-ph]].
22
[72] K. S. Babu, E. Ma and J. W. F. Valle, Phys. Lett. B 552, 207 (2003) doi:10.1016/S0370-2693(02)03153-2 [hep-ph/0206292].
[73] G. Altarelli and F. Feruglio, Nucl. Phys. B 741, 215 (2006) doi:10.1016/j.nuclphysb.2006.02.015 [hep-ph/0512103].
[74] S. Gupta, A. S. Joshipura and K. M. Patel, Phys. Rev. D 85, 031903 (2012) doi:10.1103/PhysRevD.85.031903
[arXiv:1112.6113 [hep-ph]].
[75] S. Morisi, M. Nebot, K. M. Patel, E. Peinado and J. W. F. Valle, Phys. Rev. D 88, 036001 (2013)
doi:10.1103/PhysRevD.88.036001 [arXiv:1303.4394 [hep-ph]].
[76] G. Altarelli and F. Feruglio, Nucl. Phys. B 720, 64 (2005) doi:10.1016/j.nuclphysb.2005.05.005 [hep-ph/0504165].
[77] A. Kadosh and E. Pallante, JHEP 1008, 115 (2010) doi:10.1007/JHEP08(2010)115 [arXiv:1004.0321 [hep-ph]].
[78] A. Kadosh, JHEP 1306, 114 (2013) doi:10.1007/JHEP06(2013)114 [arXiv:1303.2645 [hep-ph]].
[79] F. del Aguila, A. Carmona and J. Santiago, JHEP 1008, 127 (2010) doi:10.1007/JHEP08(2010)127 [arXiv:1001.5151
[hep-ph]].
[80] M. D. Campos, A. E. Ca´rcamo Herna´ndez, S. Kovalenko, I. Schmidt and E. Schumacher, Phys. Rev. D 90, no. 1, 016006
(2014) doi:10.1103/PhysRevD.90.016006 [arXiv:1403.2525 [hep-ph]].
[81] V. V. Vien and H. N. Long, Int. J. Mod. Phys. A 30, no. 21, 1550117 (2015) doi:10.1142/S0217751X15501171
[arXiv:1405.4665 [hep-ph]].
[82] A. S. Joshipura and K. M. Patel, Phys. Lett. B 749, 159 (2015) doi:10.1016/j.physletb.2015.07.062 [arXiv:1507.01235
[hep-ph]].
[83] B. Karmakar and A. Sil, Phys. Rev. D 96, no. 1, 015007 (2017) doi:10.1103/PhysRevD.96.015007 [arXiv:1610.01909
[hep-ph]].
[84] P. Chattopadhyay and K. M. Patel, Nucl. Phys. B 921, 487 (2017) doi:10.1016/j.nuclphysb.2017.06.008 [arXiv:1703.09541
[hep-ph]].
[85] E. Ma and G. Rajasekaran, EPL 119, no. 3, 31001 (2017) doi:10.1209/0295-5075/119/31001 [arXiv:1708.02208 [hep-ph]].
[86] S. Centelles Chulia´, R. Srivastava and J. W. F. Valle, Phys. Lett. B 773, 26 (2017) doi:10.1016/j.physletb.2017.07.065
[arXiv:1706.00210 [hep-ph]].
[87] F. Bjo¨rkeroth, E. J. Chun and S. F. King, Phys. Lett. B 777, 428 (2018) doi:10.1016/j.physletb.2017.12.058
[arXiv:1711.05741 [hep-ph]].
[88] R. Srivastava, C. A. Ternes, M. To´rtola and J. W. F. Valle, Phys. Lett. B 778, 459 (2018)
doi:10.1016/j.physletb.2018.01.014 [arXiv:1711.10318 [hep-ph]].
[89] D. Borah and B. Karmakar, Phys. Lett. B 780, 461 (2018) doi:10.1016/j.physletb.2018.03.047 [arXiv:1712.06407 [hep-ph]].
[90] A. S. Belyaev, S. F. King and P. B. Schaefers, Phys. Rev. D 97, no. 11, 115002 (2018) doi:10.1103/PhysRevD.97.115002
[arXiv:1801.00514 [hep-ph]].
[91] A. E. Ca´rcamo Herna´ndez and S. F. King, Phys. Rev. D 99, no. 9, 095003 (2019) doi:10.1103/PhysRevD.99.095003
[arXiv:1803.07367 [hep-ph]].
[92] R. Srivastava, C. A. Ternes, M. To´rtola and J. W. F. Valle, Phys. Rev. D 97, no. 9, 095025 (2018)
doi:10.1103/PhysRevD.97.095025 [arXiv:1803.10247 [hep-ph]].
[93] L. M. G. De La Vega, R. Ferro-Hernandez and E. Peinado, Phys. Rev. D 99, no. 5, 055044 (2019)
doi:10.1103/PhysRevD.99.055044 [arXiv:1811.10619 [hep-ph]].
[94] D. Borah and B. Karmakar, Phys. Lett. B 789, 59 (2019) doi:10.1016/j.physletb.2018.12.006 [arXiv:1806.10685 [hep-ph]].
[95] S. Pramanick, arXiv:1903.04208 [hep-ph].
[96] A. E. Ca´rcamo Herna´ndez, J. Marchant Gonza´lez and U. J. Saldan˜a-Salazar, Phys. Rev. D 100, no. 3, 035024 (2019)
doi:10.1103/PhysRevD.100.035024 [arXiv:1904.09993 [hep-ph]].
[97] A. E. Ca´rcamo Herna´ndez, M. Gonza´lez and N. A. Neill, arXiv:1906.00978 [hep-ph].
[98] G. J. Ding, S. F. King and X. G. Liu, JHEP 1909, 074 (2019) doi:10.1007/JHEP09(2019)074 [arXiv:1907.11714 [hep-ph]].
[99] H. Okada and M. Tanimoto, arXiv:1905.13421 [hep-ph].
[100] J. M. Gerard, Z. Phys. C 18, 145 (1983). doi:10.1007/BF01572477
[101] J. Kubo, A. Mondragon, M. Mondragon and E. Rodriguez-Jauregui, Prog. Theor. Phys. 109, 795 (2003) Erratum: [Prog.
Theor. Phys. 114, 287 (2005)] doi:10.1143/PTP.109.795 [hep-ph/0302196].
[102] J. Kubo, Phys. Lett. B 578, 156 (2004) Erratum: [Phys. Lett. B 619, 387 (2005)] doi:10.1016/j.physletb.2005.06.013,
10.1016/j.physletb.2003.10.048 [hep-ph/0309167].
[103] T. Kobayashi, J. Kubo and H. Terao, Phys. Lett. B 568, 83 (2003) doi:10.1016/j.physletb.2003.03.002 [hep-ph/0303084].
[104] S. L. Chen, M. Frigerio and E. Ma, Phys. Rev. D 70, 073008 (2004) Erratum: [Phys. Rev. D 70, 079905 (2004)]
doi:10.1103/PhysRevD.70.079905, 10.1103/PhysRevD.70.073008 [hep-ph/0404084].
[105] A. Mondragon, M. Mondragon and E. Peinado, Phys. Rev. D 76, 076003 (2007) doi:10.1103/PhysRevD.76.076003
[arXiv:0706.0354 [hep-ph]].
[106] A. Mondragon, M. Mondragon and E. Peinado, Rev. Mex. Fis. 54, no. 3, 81 (2008) [Rev. Mex. Fis. Suppl. 54, 0181
(2008)] [arXiv:0805.3507 [hep-ph]].
[107] G. Bhattacharyya, P. Leser and H. Pas, Phys. Rev. D 83, 011701 (2011) doi:10.1103/PhysRevD.83.011701
[arXiv:1006.5597 [hep-ph]].
[108] A. G. Dias, A. C. B. Machado and C. C. Nishi, Phys. Rev. D 86, 093005 (2012) doi:10.1103/PhysRevD.86.093005
[arXiv:1206.6362 [hep-ph]].
[109] D. Meloni, JHEP 1205, 124 (2012) doi:10.1007/JHEP05(2012)124 [arXiv:1203.3126 [hep-ph]].
[110] F. Gonzalez Canales, A. Mondragon and M. Mondragon, Fortsch. Phys. 61, 546 (2013) doi:10.1002/prop.201200121
[arXiv:1205.4755 [hep-ph]].
[111] F. Gonza´lez Canales, A. Mondrago´n, M. Mondrago´n, U. J. Saldan˜a Salazar and L. Velasco-Sevilla, Phys. Rev. D 88,
23
096004 (2013) doi:10.1103/PhysRevD.88.096004 [arXiv:1304.6644 [hep-ph]].
[112] E. Ma and B. Melic, Phys. Lett. B 725, 402 (2013) doi:10.1016/j.physletb.2013.07.015 [arXiv:1303.6928 [hep-ph]].
[113] Y. Kajiyama, H. Okada and K. Yagyu, Nucl. Phys. B 887, 358 (2014) doi:10.1016/j.nuclphysb.2014.08.009
[arXiv:1309.6234 [hep-ph]].
[114] E. Ma and R. Srivastava, Phys. Lett. B 741, 217 (2015) doi:10.1016/j.physletb.2014.12.049 [arXiv:1411.5042 [hep-ph]].
[115] S. Gupta, C. S. Kim and P. Sharma, Phys. Lett. B 740, 353 (2015) doi:10.1016/j.physletb.2014.12.005 [arXiv:1408.0172
[hep-ph]].
[116] A. E. Ca´rcamo Herna´ndez, I. de Medeiros Varzielas and E. Schumacher, Phys. Rev. D 93, no. 1, 016003 (2016)
doi:10.1103/PhysRevD.93.016003 [arXiv:1509.02083 [hep-ph]].
[117] A. E. Ca´rcamo Herna´ndez, I. de Medeiros Varzielas and N. A. Neill, Phys. Rev. D 94, no. 3, 033011 (2016)
doi:10.1103/PhysRevD.94.033011 [arXiv:1511.07420 [hep-ph]].
[118] A. E. Ca´rcamo Herna´ndez, Eur. Phys. J. C 76, no. 9, 503 (2016) doi:10.1140/epjc/s10052-016-4351-y [arXiv:1512.09092
[hep-ph]].
[119] A. E. Ca´rcamo Herna´ndez, I. de Medeiros Varzielas and E. Schumacher, arXiv:1601.00661 [hep-ph].
[120] A. E. Ca´rcamo Herna´ndez, S. Kovalenko and I. Schmidt, JHEP 1702, 125 (2017) doi:10.1007/JHEP02(2017)125
[arXiv:1611.09797 [hep-ph]].
[121] C. Arbela´ez, A. E. Ca´rcamo Herna´ndez, S. Kovalenko and I. Schmidt, Eur. Phys. J. C 77, no. 6, 422 (2017)
doi:10.1140/epjc/s10052-017-4948-9 [arXiv:1602.03607 [hep-ph]].
[122] J. C. Go´mez-Izquierdo, Eur. Phys. J. C 77, no. 8, 551 (2017) doi:10.1140/epjc/s10052-017-5094-0 [arXiv:1701.01747
[hep-ph]].
[123] A. A. Cruz and M. Mondrago´n, arXiv:1701.07929 [hep-ph].
[124] E. Ma, Phys. Lett. B 777, 332 (2018) doi:10.1016/j.physletb.2017.12.049 [arXiv:1707.03352 [hep-ph]].
[125] C. Espinoza, E. A. Garce´s, M. Mondrago´n and H. Reyes-Gonza´lez, Phys. Lett. B 788, 185 (2019)
doi:10.1016/j.physletb.2018.11.028 [arXiv:1804.01879 [hep-ph]].
[126] E. A. Garce´s, J. C. Go´mez-Izquierdo and F. Gonzalez-Canales, Eur. Phys. J. C 78, no. 10, 812 (2018)
doi:10.1140/epjc/s10052-018-6271-5 [arXiv:1807.02727 [hep-ph]].
[127] A. E. Ca´rcamo Herna´ndez, J. Vignatti and A. Zerwekh, J. Phys. G 46, no. 11, 115007 (2019) doi:10.1088/1361-
6471/ab4499 [arXiv:1807.05321 [hep-ph]].
[128] J. C. Go´mez-Izquierdo and M. Mondrago´n, Eur. Phys. J. C 79, no. 3, 285 (2019) doi:10.1140/epjc/s10052-019-6785-5
[arXiv:1804.08746 [hep-ph]].
[129] S. Pramanick, Phys. Rev. D 100, no. 3, 035009 (2019) doi:10.1103/PhysRevD.100.035009 [arXiv:1904.07558 [hep-ph]].
[130] G. Altarelli, F. Feruglio and L. Merlo, JHEP 0905, 020 (2009) doi:10.1088/1126-6708/2009/05/020 [arXiv:0903.1940
[hep-ph]].
[131] F. Bazzocchi, L. Merlo and S. Morisi, Phys. Rev. D 80, 053003 (2009) doi:10.1103/PhysRevD.80.053003 [arXiv:0902.2849
[hep-ph]].
[132] F. Bazzocchi, L. Merlo and S. Morisi, Nucl. Phys. B 816, 204 (2009) doi:10.1016/j.nuclphysb.2009.03.005 [arXiv:0901.2086
[hep-ph]].
[133] R. de Adelhart Toorop, F. Bazzocchi and L. Merlo, JHEP 1008, 001 (2010) doi:10.1007/JHEP08(2010)001
[arXiv:1003.4502 [hep-ph]].
[134] K. M. Patel, Phys. Lett. B 695, 225 (2011) doi:10.1016/j.physletb.2010.11.024 [arXiv:1008.5061 [hep-ph]].
[135] S. Morisi, K. M. Patel and E. Peinado, Phys. Rev. D 84, 053002 (2011) doi:10.1103/PhysRevD.84.053002 [arXiv:1107.0696
[hep-ph]].
[136] R. N. Mohapatra and C. C. Nishi, Phys. Rev. D 86, 073007 (2012) doi:10.1103/PhysRevD.86.073007 [arXiv:1208.2875
[hep-ph]].
[137] P. S. Bhupal Dev, B. Dutta, R. N. Mohapatra and M. Severson, Phys. Rev. D 86, 035002 (2012)
doi:10.1103/PhysRevD.86.035002 [arXiv:1202.4012 [hep-ph]].
[138] I. de Medeiros Varzielas and L. Lavoura, J. Phys. G 40, 085002 (2013) doi:10.1088/0954-3899/40/8/085002
[arXiv:1212.3247 [hep-ph]].
[139] G. J. Ding, S. F. King, C. Luhn and A. J. Stuart, JHEP 1305, 084 (2013) doi:10.1007/JHEP05(2013)084 [arXiv:1303.6180
[hep-ph]].
[140] H. Ishimori, Y. Shimizu, M. Tanimoto and A. Watanabe, Phys. Rev. D 83, 033004 (2011)
doi:10.1103/PhysRevD.83.033004 [arXiv:1010.3805 [hep-ph]].
[141] G. J. Ding and Y. L. Zhou, Nucl. Phys. B 876, 418 (2013) doi:10.1016/j.nuclphysb.2013.08.011 [arXiv:1304.2645 [hep-ph]].
[142] C. Hagedorn and M. Serone, JHEP 1110, 083 (2011) doi:10.1007/JHEP10(2011)083 [arXiv:1106.4021 [hep-ph]].
[143] M. D. Campos, A. E. Ca´rcamo Herna´ndez, H. Pa¨s and E. Schumacher, Phys. Rev. D 91, no. 11, 116011 (2015)
doi:10.1103/PhysRevD.91.116011 [arXiv:1408.1652 [hep-ph]].
[144] V. V. Vien, H. N. Long and D. P. Khoi, Int. J. Mod. Phys. A 30, no. 17, 1550102 (2015) doi:10.1142/S0217751X1550102X
[arXiv:1506.06063 [hep-ph]].
[145] F. J. de Anda, S. F. King and E. Perdomo, JHEP 1712, 075 (2017) Erratum: [JHEP 1904, 069 (2019)]
doi:10.1007/JHEP12(2017)075, 10.1007/JHEP04(2019)069 [arXiv:1710.03229 [hep-ph]].
[146] F. J. de Anda and S. F. King, JHEP 1807, 057 (2018) doi:10.1007/JHEP07(2018)057 [arXiv:1803.04978 [hep-ph]].
[147] A. E. Ca´rcamo Herna´ndez and S. F. King, arXiv:1903.02565 [hep-ph].
[148] P. T. Chen, G. J. Ding, S. F. King and C. C. Li, arXiv:1906.11414 [hep-ph].
[149] I. De Medeiros Varzielas, S. F. King and Y. L. Zhou, arXiv:1906.02208 [hep-ph].
24
[150] I. De Medeiros Varzielas, M. Levy and Y. L. Zhou, Phys. Rev. D 100, no. 3, 035027 (2019)
doi:10.1103/PhysRevD.100.035027 [arXiv:1903.10506 [hep-ph]].
[151] V. V. Vien, H. N. Long and A. E. Ca´rcamo Herna´ndez, PTEP 2019, no. 11, 113B04 (2019) doi:10.1093/ptep/ptz119
[arXiv:1909.09532 [hep-ph]].
[152] G. C. Branco, J. M. Gerard and W. Grimus, Phys. Lett. 136B, 383 (1984). doi:10.1016/0370-2693(84)92024-0
[153] I. de Medeiros Varzielas, S. F. King and G. G. Ross, Phys. Lett. B 648, 201 (2007) doi:10.1016/j.physletb.2007.03.009
[hep-ph/0607045].
[154] E. Ma, Phys. Lett. B 660, 505 (2008) doi:10.1016/j.physletb.2007.12.060 [arXiv:0709.0507 [hep-ph]].
[155] I. de Medeiros Varzielas, D. Emmanuel-Costa and P. Leser, Phys. Lett. B 716, 193 (2012)
doi:10.1016/j.physletb.2012.08.008 [arXiv:1204.3633 [hep-ph]].
[156] G. Bhattacharyya, I. de Medeiros Varzielas and P. Leser, Phys. Rev. Lett. 109, 241603 (2012)
doi:10.1103/PhysRevLett.109.241603 [arXiv:1210.0545 [hep-ph]].
[157] P. M. Ferreira, W. Grimus, L. Lavoura and P. O. Ludl, JHEP 1209, 128 (2012) doi:10.1007/JHEP09(2012)128
[arXiv:1206.7072 [hep-ph]].
[158] E. Ma, Phys. Lett. B 723, 161 (2013) doi:10.1016/j.physletb.2013.05.011 [arXiv:1304.1603 [hep-ph]].
[159] C. C. Nishi, Phys. Rev. D 88, no. 3, 033010 (2013) doi:10.1103/PhysRevD.88.033010 [arXiv:1306.0877 [hep-ph]].
[160] I. de Medeiros Varzielas and D. Pidt, J. Phys. G 41, 025004 (2014) doi:10.1088/0954-3899/41/2/025004 [arXiv:1307.0711
[hep-ph]].
[161] A. Aranda, C. Bonilla, S. Morisi, E. Peinado and J. W. F. Valle, Phys. Rev. D 89, no. 3, 033001 (2014)
doi:10.1103/PhysRevD.89.033001 [arXiv:1307.3553 [hep-ph]].
[162] P. F. Harrison, R. Krishnan and W. G. Scott, Int. J. Mod. Phys. A 29, no. 18, 1450095 (2014)
doi:10.1142/S0217751X1450095X [arXiv:1406.2025 [hep-ph]].
[163] E. Ma and A. Natale, Phys. Lett. B 734, 403 (2014) doi:10.1016/j.physletb.2014.05.070 [arXiv:1403.6772 [hep-ph]].
[164] M. Abbas and S. Khalil, Phys. Rev. D 91, no. 5, 053003 (2015) doi:10.1103/PhysRevD.91.053003 [arXiv:1406.6716 [hep-
ph]].
[165] M. Abbas, S. Khalil, A. Rashed and A. Sil, Phys. Rev. D 93, no. 1, 013018 (2016) doi:10.1103/PhysRevD.93.013018
[arXiv:1508.03727 [hep-ph]].
[166] I. de Medeiros Varzielas, JHEP 1508, 157 (2015) doi:10.1007/JHEP08(2015)157 [arXiv:1507.00338 [hep-ph]].
[167] F. Bjo¨rkeroth, F. J. de Anda, I. de Medeiros Varzielas and S. F. King, Phys. Rev. D 94, no. 1, 016006 (2016)
doi:10.1103/PhysRevD.94.016006 [arXiv:1512.00850 [hep-ph]].
[168] P. Chen, G. J. Ding, A. D. Rojas, C. A. Vaquera-Araujo and J. W. F. Valle, JHEP 1601, 007 (2016)
doi:10.1007/JHEP01(2016)007 [arXiv:1509.06683 [hep-ph]].
[169] V. V. Vien, A. E. Ca´rcamo Herna´ndez and H. N. Long, Nucl. Phys. B 913, 792 (2016) doi:10.1016/j.nuclphysb.2016.10.010
[arXiv:1601.03300 [hep-ph]].
[170] A. E. Ca´rcamo Herna´ndez, H. N. Long and V. V. Vien, Eur. Phys. J. C 76, no. 5, 242 (2016) doi:10.1140/epjc/s10052-
016-4074-0 [arXiv:1601.05062 [hep-ph]].
[171] A. E. Ca´rcamo Herna´ndez, S. Kovalenko, J. W. F. Valle and C. A. Vaquera-Araujo, JHEP 1707, 118 (2017)
doi:10.1007/JHEP07(2017)118 [arXiv:1705.06320 [hep-ph]].
[172] I. de Medeiros Varzielas, G. G. Ross and J. Talbert, JHEP 1803, 007 (2018) doi:10.1007/JHEP03(2018)007
[arXiv:1710.01741 [hep-ph]].
[173] N. Bernal, A. E. Ca´rcamo Herna´ndez, I. de Medeiros Varzielas and S. Kovalenko, JHEP 1805, 053 (2018)
doi:10.1007/JHEP05(2018)053 [arXiv:1712.02792 [hep-ph]].
[174] I. De Medeiros Varzielas, M. L. Lo´pez-Iba´n˜ez, A. Melis and O. Vives, JHEP 1809, 047 (2018)
doi:10.1007/JHEP09(2018)047 [arXiv:1807.00860 [hep-ph]].
[175] A. E. Ca´rcamo Herna´ndez, S. Kovalenko, J. W. F. Valle and C. A. Vaquera-Araujo, JHEP 1902, 065 (2019)
doi:10.1007/JHEP02(2019)065 [arXiv:1811.03018 [hep-ph]].
[176] A. E. Ca´rcamo Herna´ndez, J. C. Go´mez-Izquierdo, S. Kovalenko and M. Mondrago´n, Nucl. Phys. B 946, 114688 (2019)
doi:10.1016/j.nuclphysb.2019.114688 [arXiv:1810.01764 [hep-ph]].
[177] F. Bjo¨rkeroth, I. de Medeiros Varzielas, M. L. Lo´pez-Iba´n˜ez, A. Melis and O´. Vives, JHEP 1909, 050 (2019)
doi:10.1007/JHEP09(2019)050 [arXiv:1904.10545 [hep-ph]].
[178] *** Non-standard form, no INSPIRE lookup performed ***
[179] R. N. Mohapatra and J. W. F. Valle, Phys. Rev. D 34, 1642 (1986). doi:10.1103/PhysRevD.34.1642
[180] E. K. Akhmedov, M. Lindner, E. Schnapka and J. W. F. Valle, Phys. Lett. B 368, 270 (1996) doi:10.1016/0370-
2693(95)01504-3 [hep-ph/9507275].
[181] E. K. Akhmedov, M. Lindner, E. Schnapka and J. W. F. Valle, Phys. Rev. D 53, 2752 (1996)
doi:10.1103/PhysRevD.53.2752 [hep-ph/9509255].
[182] M. Malinsky, J. C. Romao and J. W. F. Valle, Phys. Rev. Lett. 95, 161801 (2005) doi:10.1103/PhysRevLett.95.161801
[hep-ph/0506296].
[183] M. Hirsch, S. Morisi and J. W. F. Valle, Phys. Lett. B 679, 454 (2009) doi:10.1016/j.physletb.2009.08.003 [arXiv:0905.3056
[hep-ph]].
[184] C. O. Dib, G. R. Moreno and N. A. Neill, Phys. Rev. D 90, no. 11, 113003 (2014) doi:10.1103/PhysRevD.90.113003
[arXiv:1409.1868 [hep-ph]].
[185] M. Chakraborty, H. Z. Devi and A. Ghosal, Phys. Lett. B 741, 210 (2015) doi:10.1016/j.physletb.2014.12.038
25
[arXiv:1410.3276 [hep-ph]].
[186] R. Sinha, R. Samanta and A. Ghosal, Phys. Lett. B 759, 206 (2016) doi:10.1016/j.physletb.2016.05.080 [arXiv:1508.05227
[hep-ph]].
[187] R. A. Diaz, R. Martinez and F. Ochoa, Phys. Rev. D 72, 035018 (2005) doi:10.1103/PhysRevD.72.035018 [hep-
ph/0411263].
[188] H. N. Long, N. V. Hop, L. T. Hue, N. H. Thao and A. E. Ca´rcamo Herna´ndez, Phys. Rev. D 100, no. 1, 015004 (2019)
doi:10.1103/PhysRevD.100.015004 [arXiv:1810.00605 [hep-ph]].
[189] H. N. Long and T. Inami, Phys. Rev. D 61, 075002 (2000) doi:10.1103/PhysRevD.61.075002 [hep-ph/9902475].
[190] M. Baak, M. Goebel, J. Haller, A. Hoecker, D. Ludwig, K. Moenig, M. Schott and J. Stelzer, Eur. Phys. J. C 72, 2003
(2012) doi:10.1140/epjc/s10052-012-2003-4 [arXiv:1107.0975 [hep-ph]].
[191] M. Tanabashi et al. [Particle Data Group], Phys. Rev. D 98, no. 3, 030001 (2018). doi:10.1103/PhysRevD.98.030001
[192] P. F. de Salas, D. V. Forero, C. A. Ternes, M. Tortola and J. W. F. Valle, Phys. Lett. B 782, 633 (2018)
doi:10.1016/j.physletb.2018.06.019 [arXiv:1708.01186 [hep-ph]].
[193] I. Esteban, M. C. Gonzalez-Garcia, M. Maltoni, I. Martinez-Soler and T. Schwetz, JHEP 1701, 087 (2017)
doi:10.1007/JHEP01(2017)087 [arXiv:1611.01514 [hep-ph]].
[194] F. Alessandria et al. [CUORE Collaboration], arXiv:1109.0494 [nucl-ex].
[195] A. Gando et al. [KamLAND-Zen Collaboration], Phys. Rev. Lett. 117, no. 8, 082503 (2016) Addendum: [Phys. Rev. Lett.
117, no. 10, 109903 (2016)] doi:10.1103/PhysRevLett.117.109903, 10.1103/PhysRevLett.117.082503 [arXiv:1605.02889
[hep-ex]].
[196] V. T. N. Huyen, H. N. Long, T. T. Lam and V. Q. Phong, Commun. Phys. 24, no. 2, 97 (2014) doi:10.15625/0868-
3166/24/2/3774 [arXiv:1210.5833 [hep-ph]].
[197] M. A. Perez, G. Tavares-Velasco and J. J. Toscano, Phys. Rev. D 69, 115004 (2004) doi:10.1103/PhysRevD.69.115004
[hep-ph/0402156].
[198] M. Aaboud et al. [ATLAS Collaboration], JHEP 1801, 055 (2018) doi:10.1007/JHEP01(2018)055 [arXiv:1709.07242
[hep-ex]].
[199] A. M. Sirunyan et al. [CMS Collaboration], JHEP 1806, 001 (2018) doi:10.1007/JHEP06(2018)001 [arXiv:1712.07173
[hep-ex]].
[200] G. Aad et al. [ATLAS Collaboration], doi:10.1016/j.physletb.2019.135069 arXiv:1907.06131 [hep-ex].
[201] A. Pilaftsis, Phys. Lett. B 285, 68 (1992). doi:10.1016/0370-2693(92)91301-O
[202] J. G. Korner, A. Pilaftsis and K. Schilcher, Phys. Rev. D 47, 1080 (1993) doi:10.1103/PhysRevD.47.1080 [hep-
ph/9301289].
[203] E. Arganda, A. M. Curiel, M. J. Herrero and D. Temes, Phys. Rev. D 71, 035011 (2005) doi:10.1103/PhysRevD.71.035011
[hep-ph/0407302].
[204] E. Arganda, M. J. Herrero, X. Marcano and C. Weiland, Phys. Rev. D 91, no. 1, 015001 (2015)
doi:10.1103/PhysRevD.91.015001 [arXiv:1405.4300 [hep-ph]].
[205] N. H. Thao, L. T. Hue, H. T. Hung and N. T. Xuan, Nucl. Phys. B 921, 159 (2017) doi:10.1016/j.nuclphysb.2017.05.014
[arXiv:1703.00896 [hep-ph]].
[206] T. P. Nguyen, T. T. Le, T. T. Hong and L. T. Hue, Phys. Rev. D 97, no. 7, 073003 (2018) doi:10.1103/PhysRevD.97.073003
[arXiv:1802.00429 [hep-ph]].
[207] I. Chakraborty, A. Datta and A. Kundu, J. Phys. G 43, no. 12, 125001 (2016) doi:10.1088/0954-3899/43/12/125001
[arXiv:1603.06681 [hep-ph]].
[208] Q. Qin, Q. Li, C. D. Lu¨, F. S. Yu and S. H. Zhou, Eur. Phys. J. C 78, no. 10, 835 (2018) doi:10.1140/epjc/s10052-018-
6298-7 [arXiv:1711.07243 [hep-ph]].
[209] A. M. Baldini et al. [MEG Collaboration], Eur. Phys. J. C 76, no. 8, 434 (2016) doi:10.1140/epjc/s10052-016-4271-x
[arXiv:1605.05081 [hep-ex]].
[210] A. M. Baldini et al., arXiv:1301.7225 [physics.ins-det].
[211] A. M. Baldini et al. [MEG II Collaboration], Eur. Phys. J. C 78, no. 5, 380 (2018) doi:10.1140/epjc/s10052-018-5845-6
[arXiv:1801.04688 [physics.ins-det]].
[212] E. Kou et al. [Belle-II Collaboration], arXiv:1808.10567 [hep-ex].
[213] L. Calibbi and G. Signorelli, Riv. Nuovo Cim. 41, no. 2, 71 (2018) doi:10.1393/ncr/i2018-10144-0 [arXiv:1709.00294
[hep-ph]].
[214] L. T. Hue, L. D. Ninh, T. T. Thuc and N. T. T. Dat, Eur. Phys. J. C 78, no. 2, 128 (2018) doi:10.1140/epjc/s10052-018-
5589-3 [arXiv:1708.09723 [hep-ph]].
[215] G. Arcadi, C. P. Ferreira, F. Goertz, M. M. Guzzo, F. S. Queiroz and A. C. O. Santos, Phys. Rev. D 97, no. 7, 075022
(2018) doi:10.1103/PhysRevD.97.075022 [arXiv:1712.02373 [hep-ph]].
[216] M. Lindner, M. Platscher and F. S. Queiroz, Phys. Rept. 731, 1 (2018) doi:10.1016/j.physrep.2017.12.001
[arXiv:1610.06587 [hep-ph]].
[217] H. K. Dreiner, H. E. Haber and S. P. Martin, Phys. Rept. 494, 1 (2010) doi:10.1016/j.physrep.2010.05.002 [arXiv:0812.1594
[hep-ph]].
[218] T. P. Cheng and L. F. Li, Phys. Rev. Lett. 45, 1908 (1980). doi:10.1103/PhysRevLett.45.1908
[219] A. Denner, S. Heinemeyer, I. Puljak, D. Rebuzzi and M. Spira, Eur. Phys. J. C 71, 1753 (2011) doi:10.1140/epjc/s10052-
011-1753-8 [arXiv:1107.5909 [hep-ph]].
[220] J. A. M. Vermaseren, math-ph/0010025.
[221] J. Kuipers, T. Ueda, J. A. M. Vermaseren and J. Vollinga, Comput. Phys. Commun. 184, 1453 (2013)
26
doi:10.1016/j.cpc.2012.12.028 [arXiv:1203.6543 [cs.SC]].
[222] H. Ishimori, T. Kobayashi, H. Ohki, Y. Shimizu, H. Okada and M. Tanimoto, Prog. Theor. Phys. Suppl. 183, 1 (2010)
doi:10.1143/PTPS.183.1 [arXiv:1003.3552 [hep-th]].
[223] G. Altarelli and F. Feruglio, Rev. Mod. Phys. 82, 2701 (2010) doi:10.1103/RevModPhys.82.2701 [arXiv:1002.0211 [hep-
ph]].
[224] S. F. King and C. Luhn, Rept. Prog. Phys. 76, 056201 (2013) doi:10.1088/0034-4885/76/5/056201 [arXiv:1301.1340
[hep-ph]].
[225] S. F. King, A. Merle, S. Morisi, Y. Shimizu and M. Tanimoto, New J. Phys. 16, 045018 (2014) doi:10.1088/1367-
2630/16/4/045018 [arXiv:1402.4271 [hep-ph]].
[226] F. Yin, Phys. Rev. D 75, 073010 (2007) doi:10.1103/PhysRevD.75.073010 [arXiv:0704.3827 [hep-ph]].
[227] G. Passarino and M. J. G. Veltman, Nucl. Phys. B 160, 151 (1979). doi:10.1016/0550-3213(79)90234-7
[228] A. Denner and S. Dittmaier, Nucl. Phys. B 734, 62 (2006) doi:10.1016/j.nuclphysb.2005.11.007 [hep-ph/0509141].
[229] T. Hahn and M. Perez-Victoria, Comput. Phys. Commun. 118, 153 (1999) doi:10.1016/S0010-4655(98)00173-8 [hep-
ph/9807565].
[230] K. H. Phan, H. T. Hung and L. T. Hue, PTEP 2016, no. 11, 113B03 (2016) doi:10.1093/ptep/ptw158 [arXiv:1605.07164
[hep-ph]].
